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ABSTRACT 
For tissue engineering and regenerative medicine, it is important to understand factors 
directing the stem cell fate, including self-renewal, proliferation, differentiation, and 
apoptosis.  Bone marrow derived mesenchymal stem cells (BMSCs) have the potential to 
differentiate into osteoblasts, chondrocytes, adipocytes, and smooth muscle cells. 
Specifically, in the field of bone tissue engineering, BMSCs are commonly used for in 
vitro osteogenesis studies. However the mechanisms and signaling pathways that these 
cells recognize material surface and utilize to differentiate are still unclear. This 
dissertation focuses on investigating the effect of surface nanotopography and 
functionalization on the promotion of osteogenic differentiation of BMSCs. Surface 
topographies were created by Tobacco mosaic virus (TMV) for chapter 1-5, Turnip 
yellow mosaic virus (TYMV) for chapter 6, and calcium phosphate crystals (CaP) for 
chapter 7. These surfaces were previously documented to promote osteogenesis.  
The first two chapters present the study of early endogenous bone morphogenetic 
protein 2 (BMP2) expression pattern which is believed to be responsible for accelerated 
osteogenesis, and possible pathways that TMV substrate can induce BMP2 upregulation. 
It was discovered that BMP2 had a peak expression level at 8 hours after osteoinduction 
on TMV substrate, similar to stress-induced osteogenesis. The underlying mechanisms 
may be overlapping. Chapter 3 involves the decoration of adhesive peptide on the 
exterior surface of TMV particles via a Click reaction to improve cell adhesion on TMV 
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substrate. The results indicate that the presence of cell adhesive sequence combined with 
nanotopography of TMV substrate can further enhance the expression of osteospecific 
genes. Chapter 4 demonstrates the study of different TMV nanostructures on osteogenesis 
of BMSCs. TMV subunits can be diassembled and reassembled without internal RNA 
strand. However, the reassembled TMV was not stable in culture conditions. Native rod-
like TMV particles are also transformed to spherical particles upon heat denaturation. 
Chapter 5 attempts to create a reproducible and even monolayer of TMV for consistent 
cell culture experiment utilizing layer-by-layer deposition.  
Nanoparticles are switched from TMV to TYMV in chapter 6 to study the effect 
of genetically modified TYMV presenting cell adhesive peptides on its surface on 
osteogenesis of BMSCs. Although both TMV and TYMV coated substrates have 
previously been reported to accelerate osteogenic differentiation, the particle shapes are 
distinctively different. TMV is a rod while TYMV is a sphere. The result illustrates that 
genetic mutation of TYMV is effective in displaying multivalent ligands on plant viral 
particles and mutant TYMV enhances BMSC adhesion depending on the amount of virus 
coating. The last chapter studies the osteoinductivity of calcium phosphate (CaP)-based 
surface generated in situ by nucleation on polyelectrolyte multilayer films. The novel 
fabrication of CaP coating is demonstrated as an example to easily create a biomimetic 
surface with controllable roughness on bone implant materials. 
Collectively, the research presented in this dissertation explores into the 
osteogenic potential of BMSCs on different 2D surface topographies and functionalities, 
in order to gain insights into the design of functional biomaterials for tissue engineering 
and regenerative medicine applications. 
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1.1.1 Bone marrow derived mesenchymal stem cells 
Stem cell fate is dependent on the surrounding stimuli, including both soluble and 
insoluble factors. How stem cells respond to different nanoscale cues has been 
extensively studied for tissue engineering and regenerative medicine applications [1-4]. 
There are several reports indicating that stem cell differentiation can be dictated at the 
nanometer level [5-14]. Bone marrow derived mesenchymal stem cells (BMSCs) are 
from the non-hematopoietic sub-population of bone marrow stroma [15-17], which have 
the ability to self-renew and differentiate to various lineages, such as adipocytes, 
osteocytes, chondrocytes, hepatocytes, neurons, muscle cells, and epithelial cells [17-22]. 
The pluripotent potential of BMSCs, ease of isolation, rapid expansion [23], and less 
controversial use than embryonic stem cells make this cell type an ideal source of adult 
stem cells to study material-mediated differentiation. 
 
1.1.2 Plant virus-based substrates for accelerated osteogenesis  
Recently, we have reported accelerated osteogenic differentiation for BMSCs grown on 
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plant virus coated substrates in comparison to cells cultured on conventional tissue 
culture plastic (TCP) [24, 25]. Two different plant viruses were employed in those 
studies, i.e. spherical Turnip yellow mosaic virus (TYMV) and rod-like Tobacco mosaic 
virus (TMV). In both situations, several key mRNA markers associated with bone 
differentiation peaked at day 14 for cells on virus-coated substrates, whereas the cells on 
conventional plates required an additional 7 days to reach similar expression profiles [24, 
25]. Moreover, immunohistochemical staining for osteoblastic specific differentiation 
markers, osteocalcin, osteonectin, and osteopontin, had supported the gene expression 
profiles on day 14. The expression of such osteogenic markers were further enhanced 
upon chemically modifying the virus with phosphates as indicated by increased Ca2+ 
mineralization and even higher mRNA expression levels of osteocalcin [26]. More 
importantly, gene profile studies of total mRNA and real time PCR suggested an early 
upregulation of endogenous mRNA levels of bone morphogenetic protein-2 (BMP2). 
This increase in BMP2 mRNA level was observed for BMSCs cultured on TMV 
substrates within 24 hours of osteoinduction, which we speculate may be a key factor in 
the enhanced differentiation of BMSCs on virus coated substrates [24]. 
 
1.1.3 Bone morphogenetic protein 2 as a key osteogenic initiator 
BMP2 is a member of bone morphogenetic protein subgroup within the transforming 
growth factor β (TGF-β) super family. Among the bone morphogenetic proteins (BMPs), 
the role of BMP2 in osteoblast differentiation and bone formation during embryonic 
skeletal development and postnatal bone remodelling have been extensively investigated 
[27-31]. Animal studies have shown that BMP2 mRNA expression was at maximal level 
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within 24 hours of murine fracture injury, indicating that BMP2 is highly involved with 
bone repair initiation [32]. The results from another study showed that BMP2, BMP6, 
and BMP9 were potent inducers of mesenchymal stem cell differentiation towards 
osteoblasts [33]. Recombinant human BMP2 is commercially available and used as a 
therapeutic supplement for bone repair in spine fusion surgeries and tibial fracture 
healing [34]. The supplement can promote faster bone fusion for patients with back pain 
by promoting bone formation in vivo, and many hydrogel encapsulation studies have 
shown enhanced osteogenic differentiation of MSCs in vitro [35, 36].  
 However, rhBMP2 is costly and some recent studies reported the adverse effects 
caused by implant failure or leakage causing life-threatening urogenital events, retrograde 
ejaculation, back and leg pain, hematoma, or breathing difficulty [37, 38]. Therefore, the 
use of nanoscale materials to promote endogenous BMP2 production becomes an 
extremely attractive route for bone regeneration without systemic inductive supplements. 
This report is to examine the virus-based system and its role in early differentiation of 
BMSCs by monitoring its ability to upregulate BMP2 expression. 
 
1.1.4 TMV substrate-induced early BMP2 upregulation 
TMV is a rod-shaped particle measuring 300 nm in length with a diameter of 18 nm. The 
shape of the plant virus resembles the size scales of fibrillar extracellular matrix (ECM) 
protein, such as collagen. The viral capsid consists of 2130 identical coat protein subunits 
assembled in a helical structure around the single stranded genomic RNA. The 
production of TMV is cost effective and the resulting viral particles are highly uniform in 
size. The ability of TMV to be easily and uniformly manipulated via chemical [26, 39, 
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40] and genetic modifications [41-43] has gained traction as novel biomaterials for 
potential tissue engineering applications [44-49]. Herein, we report the early molecular 
events that occur within the first 24 hours of osteoinduction in BMSCs when cultured on 
TMV-coated substrates. 
 
1.2 RESULTS AND DISCUSSION 
1.2.1 The morphological differences of BMSCs on TCP versus TMV substrates 
The topographical features of TMV substrate before and after incubation in media 
observed by atomic force microscopy revealed such rough surfaces from the TMV 
coating, which was still visible after 24 hours of cell culture (Figure 1.1). The result 
indicated that TMV coating was stable for cell culture experiments. The morphological 
difference of BMSCs cultured on TCP or TMV coated substrates (e.g. 3-
aminopropyltriethoxysilane (APTES) grafted coverslips) were imaged at the early time 
points. After 6 hours in basal media, cells on TCP fully spread on the substrate (Figure 
1.2 A), whereas cells seeded on TMV wafers partially spread (Figure 1.2 D). 24 hours 
after seeding, BMSCs on TCP sample continued to spread and cover the entire substrate 
(Figure 1.2 B), whereas the cells on TMV-coated substrate aggregated to form nodule-
like cell clumps (Figure 1.2 E). After 24 hours of culture in basal media, the media was 
changed to osteogenic media and the cells were imaged again 8 hours later. The cells on 
TCP remained spread out with no aggregation (Figure 1.2 C), and the cells on TMV 
substrates continued to form larger aggregates (Figure 1.2 F).  
Cell adhesion and spreading are highly dependent of substrate surface. 




Figure 1.1 Representative AFM micrographs showing the stability of TMV substrate after 
24 hours incubation. (A) Silane wafer coated with 3 µg/cm2 TMV nanoparticles. Left: the 
wafer is completely covered with multilayers of TMV (scan area is 10 µm). Right:  the 
morphology of rod-shape virus is visible (scan area is 2 µm). (B) TMV-coated wafer after 
24 hours incubation in PBS at 37 °C. Left: the wafer is still completely covered with a 
few layers of TMV (scan area is 10 µm). Right: the rod-shape virus is still visible 





Figure 1.2 Differential interference contrast (DIC) images of BMSCs on TCP and TMV 
substrates showing morphological changes over culture time. The time points are (A, D) 6 
hours and (B, E) 24 hours after seeding in basal media, followed by (C, F) 8 hours in 
osteogenic media. The cells on standard TCP are well spread (A - C), whereas the cells on 
TMV coated substrate are often rounded and poorly spread (D - F). Scale bar is 100 µm. 
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seeding. The difference in cell shapes observed indicates altered cellular responses. Gene 
and protein analyses during the first 24 hours of osteoinduction were carried out to 
identify how TMV substrate could enhance osteogenesis of BMSCs. In order to examine 
if TMV is capable of chemically inducing the changes, the supplement of TMV into 
culture media was included in all studies. It is important to note that the morphology of 
BMSCs grown in media supplemented with TMV remained the same with that of TCP 
control (data not shown). 
 
1.2.2 TMV on surface alters BMP2 and IBSP gene expression 
In the previous study, we found enhanced osteogenic differentiation of BMSCs when 
cultured on TMV coated APTES glass coverslips [24]. Without TMV coating, the 
APTES glass coverslips showed similar effects as uncoated glass and TCP. Microarray 
analysis of total cellular mRNA and real time PCR results indicated that BMP2 mRNA 
level was higher in cells cultured on TMV coated substrate than in cells on TCP [24]. 
Based on these results, we examined the temporal changes in gene expression involved in 
early differentiation (ALPL, BMP2 and IBSP) for cells cultured on TMV coated 
substrates, cells supplemented with TMV in solution, and cells cultured on conventional 
TCP (Figure 1.3). Although there was no significant difference in ALPL mRNA 
expression for cells cultured on the three different substrates after 8 hours, the expression 
significantly increased after 24 hours in cells cultured on TMV substrate (Figure 1.3 A). 
However, the increase only exhibit less than two-fold difference over uninduced cells. 
Since alkaline phosphatase (ALP) is an enzyme that facilitates matrix mineralization and 




Figure 1.3 RT-qPCR analysis for osteo-specific gene expression of BMSCs under 
osteogenic conditions. For each growing condition, the profiles showed two time points: 
8 and 24 hours after induction with osteogenic media. Gene expression in the cells seeded 
on TCP, TCP with TMV in solution and TMV substrate under osteogenic conditions. (A) 
ALPL expression was upregulated in cells grown on TMV at 24 hours. (B) BMP2 
expression at both time points was significantly increased in cells grown on TMV 
substrates. (C)  IBSP was highly expressed in cells grown on TMV substrates at both time 
points. In all graphs, the error bars denote ± 1 s.d. (**) and (*) represent p < 0.05 and p < 
0.1, respectively. 
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study is too early to observe any significant upregulation in ALPL mRNA expression. For 
cells cultured on TMV coated substrates, BMP2 expression levels were six-fold higher 
than uninduced cultures after 8 hours of osteoinduction. In comparison, the cells in 
traditional cultures had only slightly increased BMP2 gene expression by two- fold 
(Figure 1.3 B). The initial increase in BMP2 gene expression for TCP had diminished 
back to basal level after 24 hours, whereas the cells cultured on TMV coated substrate 
still maintained higher BMP2 gene expression levels, a three-fold increase over TCP 
substrates (Figure 1.3 B). Although the addition of TMV as a solution supplement to the 
culture media resulted in a modest increase in BMP2 expression at 24 hours, it failed to 
provide the same effects as the virus-coated substrates. The initial results with TMV in 
solution indicate that the coating of the virus to the solid support is necessary to affect 
early BMP2 gene expression and the virus itself does not act as a soluble inducer. The 
results also suggests that TMV coated substrates enhance osteogenic differentiation of 
BMSCs by increasing BMP2 mRNA levels. 
In addition to increased BMP2 gene expression, mRNA levels for integrin-
binding sialoprotein (IBSP), a secreted extracellular matrix protein required for 
hydroxyapatite formation, increased over time in both TCP and TMV samples. IBSP is 
an osteogenic marker associated with mineralizing tissues [52], hence the increase in 
IBSP gene expression within 24 hours is an important discovery in explaining the role of 
TMV in osteogenic differentiation [24]. IBSP gene expression levels for cells grown on 
TMV were two-fold higher than those of TCP after 8 hours of osteoinduction and the 
difference further increased to five-fold after 24 hours (Figure 1.3 C). The addition of 
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TMV as a solution to the culture media did not provide the similar increase in IBSP 
expression levels as TMV coated substrates (Figure 1.3 C).  
The apparent increase in BMP2 and IBSP mRNA levels for the cells on TMV-
coated substrates suggest that these two proteins are involved in the enhancement of 
osteogenic differentiation (Figure 1.3 B, C). The observed differences in gene expression 
of BMP2 and IBSP indicate that the surface coating with the virus moderates BMP2 and 
IBSP expression levels within the first day, and the virus itself does not act as a soluble 
chemical inducer, but rather as a substrate with unique topographical features, or offering 
a rough surface, at both nanometer and micrometer scales. Such surface features have 
been observed with M13 bacteriophage and TMV to affect cell directionality and ECM 
protein deposition [48, 49, 53]. It was demonstrated that nanoscale topography (e.g. 
roughness) directly influenced cell adhesion leading to altered cellular behaviours 
including proliferation and differentiation [6, 54, 55].  
 
1.2.3 TMV substrate induces higher localized BMP2 production 
The increase in BMP2 mRNA expression level was corroborated by ELISA, showing a 
similar trend of BMP2 increase at 8 and 24 hours in osteogenic media (Figure 1.4 A). In 
comparison to uninduced controls, the cells on TMV coated substrates expressed four-
fold and three-fold higher levels of BMP2 at 8 and 24 hours, respectively. For TCP 
culture, there was no significant increase in BMP2 production at either time points 
(Figure 1.4 A). Although the addition of TMV in solution showed an increase in BMP2 
mRNA level after 24 hours (Figure 1.3 B), the protein analysis did not validate this 




Figure 1.4 Differential expression and localization of BMP2 analyzed by ELISA and 
immunohistochemical staining. (A) Quantification of BMP2 protein expression at 8 and 
24 hours normalized to cell number by ELISA. The values are expressed as fold change 
compared to cells on TCP before osteoinduction. The error bars denote ± 1 s.d. **p < 
0.05 based on ANOVA. (B) Cells on TCP control or TMV substrate were collected at 8 
and 24 hours after osteogenic induction. At both time points, cells on TMV-coated 
surface expressed more BMP2 protein and the protein is highly expressed at cell 
aggregates. Color representation: nucleus (blue), BMP2 (green), actin (red). Scale bar is 
100 µm. 
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coated surface induced a significant increase in BMP2 mRNA and protein expression 
after 8 hours of osteogenic induction.  
Immunofluorescence imaging for BMP2 revealed that the morphogen is localized 
to the cell aggregates. As shown in Figure 1.4 B, BMSCs on TMV stained positive for 
BMP2 with higher fluorescence intensity at both time points. BMP2 was observed around 
the cells that formed nodules or aggregates. It is hypothesized that too strong substrate  
binding may inhibit osteogenic differentiation [50]. Similarly to the previous results, the 
cells with TMV in solution stained poorly for BMP2 (data not shown). 
 The concentrations of secreted BMP2 in conditioned media from the three culture 
conditions were measured by sandwich based ELISA. Higher concentration of BMP2 
was observed in media with cells on TMV substrate, compared to cells on TCP with and 
without TMV supplemented in the media. The concentrations ranged between 100-200 
pg/mL (data not shown), which is consistent with that reported in an ultrasound-induced 
BMP2 secretion within 24 hours [56]. 
 
1.2.4 Enhanced osteogenesis requires TMV coating on substrate 
The enhancement in bone differentiation was also assessed by measuring ALP activity 
and calcium deposition at day 7, 14, and 21.  ALP is an early marker of osteogenesis and 
its activity mediates matrix mineralization. Although only minor upregulation of ALPL 
mRNA levels was observed by RT-qPCR after 24 hours, ALP enzyme activity assays 
over the course of 3 weeks showed significant differences at day 7 and 14 (Figure 1.5 A). 
Similar to the earlier results, the addition of TMV in solution does not increase ALP 




Figure 1.5 Cytochemical analysis of bone differentiation process of BMSCs on TCP, 
TCP with TMV in media, TMV substrate at 7, 14, and 21 days after osteogenic induction. 
(A) Alkaline phosphatase activity of cells in three different conditions. Cells on TMV 
substrate have an increase in enzyme activity at day 7 and 14, whereas the addition of 
TMV solution does not alter the enzyme activity when compared to control. Alkaline 
phosphatase activity drops to baseline at day 21 for all conditions. (B) Alizarin red 
staining of each sample at day 14. (C) Absorbance at 548 nm normalized to cell number 
to indicate relative amount of calcium deposit at day 14 stained by alizarin red solution. 
The mineralization of cells on TMV substrate doubles that of TCP and TMV in solution, 
suggesting an improvement in osteogenesis (** p < 0.05 based ANOVA). The error bars 
denote ± s.d. 
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activities compared to controls. The enzyme activity at day 21 diminishes to the same 
level for all samples, suggesting that the observed level may be a basal activity level of 
ALP during mineralization stage. 
 Calcium deposition was determined at day 14 by staining with Alizarin Red S. 
Small nodules of mineralized calcium were observed for controls and cells supplemented 
with TMV in solution, whereas the nodules were visibly larger for the cells on TMV- 
coated substrates (Figure 1.5 B). UV-visible absorbance measurements of the extracted 
dyes indicated the cells on TMV substrate had twice the content of calcium compared to 
control (Figure 1.5 C). The addition of TMV solution does not enhance matrix 
mineralization. These results confirm our hypothesis that TMV provides a topographical 
cue to enhance osteogenic differentiation, likely by changing the surface roughness. The 
combined results from RT-qPCR, ELISA and immunostaining clearly indicate that 
BMP2 expression was significantly induced within 24 hours of induction with a peak 
expression level at 8 hours. The enhancement requires the virus as a substrate rather than 
as a solution supplement, suggesting the role of topography or surface roughness in 
TMV-mediated osteogenesis. 
 
1.2.5 Additive effect on BMP2 gene expression 
The osteogenic inducing agents that are routinely used for in vitro cultures include β-
glycerolphosphate, ascorbic acid, and dexamethasone. Individual inducers facilitate 
differences in the bone differentiation process [51]. To examine which osteogenic 
inducers are required to induce BMP2 upregulation in BMSCs grown on TMV substrate, 
the inducers were individually added to different cell cultures and cells were analyzed 
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after 8 hours. Within this time frame, BMP2 expression levels were the same for cells 
grown on TCP with or without the three osteogenic inducers (Figure 1.6). BMP2 
expression level partially increased for cells grown on TMV coated substrates without 
any inducers. While the addition of β-glycerolphosphate or L-ascorbic acid 2-phosphate 
did not upregulate BMP2 mRNA level, dexamethasone resulted in a significant increase 
in BMP2 expression level after 8 hours of osteogenic induction (Figure 1.7). 
β-Glycerolphosphate is a phosphate donor for matrix mineralization and in turn 
increases alkaline phosphatase activity. L-ascorbic acid 2-phosphate, a stable form of 
vitamin C, is a source for collagen synthesis which is a major component of bone ECM.  
However, there is no evidence on the direct effect of these two compounds on modulating 
BMP2 production. On the other hand, dexamethasone, a glucocorticoid derivative, 
induced a significant increase in BMP2 expression level in BMSCs on TMV substrates. 
Bi et al. [57] illustrated that the treatment of dexamethasone induced BMP2 expression in 
BMSCs, resulting in a gradual increase of ALP activity over the first 2 weeks. However, 
the enhanced effect of dexamethasone on BMP2 expression due to surface roughness has 
not been reported before. This observed enhancement of BMP2 expression from 
dexamethasone alone is similar to when all three osteogenic inducers were added to the 
culture media of cells on TMV wafers (Figure 1.7). Although there is a chance that TMV 
could act as a carrier for dexamethasone internalization, the fact that TMV supplemented 
media did not enhance BMP2 expression and osteogenesis, eliminates this possibility.  
This clearly highlights the ability of TMV nanosurface in the presence of dexamethasone 




Figure 1.6 RT-qPCR analysis for BMP2 expression in the cells seeded on TCP control 
with or without the three osteogenic inducers for 8 hours. The osteogenic inducers are 
sodium β-glycerolphosphate, L-ascorbic acid 2-phosphate and dexamethasone. No 






Figure 1.7 RT-qPCR analysis for BMP2 expression in the cells seeded on TCP control 
and TMV substrate under individual osteogenic inducers for 8 hours. The osteogenic 
inducers are sodium β-glycerolphosphate, L-ascorbic acid 2-phosphate and 
dexamethasone. The addition of all three inducing agents resulted in the highest level of 
BMP2 mRNA. The error bars denote ± s.d. and (**) represents p < 0.05
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To determine if the TMV coating concentrates and immobilizes the chemical 
inducers to the surface, Quartz Crystal Microbalance with Dissipation (QCM-D) was 
used to monitor the deposition of each inducer on TMV-coated substrate. As shown in  
Figure 1.8, there is no significant shift in the resonance frequency of the electrode, which 
indicates no measurable surface deposition of the osteogenic inducers. While effects of 
dexamethasone and TMV-coating appear to converge on early BMP2 expression, the 
initial assessment with QCM-D and the previous TMV solution supplement studies 
suggest that TMV and dexamethasone do not interact with each other (Figure 1.8). 
Furthermore, the virus-coating alone appeared to affect BMP2 expression, which 
suggests that an alternative regulatory mechanism may be involved. 
 
1.2.6 TMV coating alters cytokine expression 
Several other cytokines apart from BMP2 regulate bone remodelling [58-63]. 
Specifically, inflammatory cytokines from T-cell conditioned media, including TNF-α, 
IFN-γ, IL-1, IL-17, were shown to induce BMP2 expression [64]. In another study, IL-6, 
IL-8, monocyte chemotactic protein 1 (MCP-1), macrophage inflammatory protein 1 
alpha (MIP-1α), MIP-3α were shown to be involved in fibroblast growth factor-2 
(FGF2)-mediated osteogenesis [61] . There is also an evidence that the addition of 
chemokine (C-X-C motif) ligand (CXCL) 12 enhanced BMP2-induced differentiation 
[65]. We therefore investigated the cells’ response to the virus by screening such 
cytokines or other relevant growth factors which could affect early bone differentiation. 
Cytokine antibody arrays for 29 cytokines were used to screen the conditioned media 




Figure 1.8 QCM-D results showing changes in the third harmonic frequency (Δf) and 
dissipation (ΔD) when delivering (A) 10 mM of sodium β-glycerolphosphate, (B) 10 nM 
of dexamethasone, (C) 50 μg/mL of ascorbic acid-2-phosphate to TMV-coated gold 
surface, and when delivering (D) 10 mM of sodium β-glycerolphosphate, (E) 10 nM of 
dexamethasone, (F) 50 μg/mL of ascorbic acid-2-phosphate to uncoated gold surface. No 
significant deposition can be seen at all conditions. 
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media only was collected after 24 hours of culture and examined. Tissue inhibitor of 
metalloproteinases-1 (TIMP-1) was the only molecule secreted from both culture 
conditions, while cytokine-induced neutrophil chemoattractant 1 (CINC-1), CINC-2, 
MIP-3α, and vascular endothelial growth factor (VEGF) were detected from the 
conditioned media for the cells on TMV wafers (Figure 1.9). According to Kim et al. 
[61], CINC-1 and MIP-3α recruit neutrophils and monocytes to induce osteogenesis. 
However, the previous studies did not correlate these cytokines with enhanced BMP2 
upregulation during osteogenesis. Future studies on the osteogenic effects of these 
individual cytokines may reveal their involvement in BMP2-mediated bone 
differentiation. It could possibly lead to a discovery of new biomaterials to elicit these 
cytokine productions in order to improve bone healing. 
The remaining 24 cytokines, CINC-3, ciliary neurotrophic factor (CNTF), 
fractalkine, GM-CSF, sICAM-1, IFN-γ, IL-1α, -1β, -1ra, -2, -3, -4, -6,-10, -13, -17, IP-
10, lipopolysaccharide induced c-x-c chemokine (LIX), L-selectin, monokine induced by 
gamma interferon (MIG), MIP-1α, RANTES, thymus chemokine and TNF-α were  below 
the detection limits of the cytokine array. 
 
1.2.7 Actin depolymerization for cells on TMV substrates 
Since there was no established direct correlation of other cytokines and osteogenesis, cell 
morphologies were closely observed prior to osteoinduction. It was demonstrated that 
BMP2 production was highly localized around the cell nodules (Figure 1.4 B). Some 
reports illustrated that culture materials modulate bone differentiation through 




Figure 1.9 Comparison of cytokine profiles in culture media of BMSCs on TCP control 
and TMV substrate for 24 hours, prior to osteoinduction. An antibody array containing 29 
different cytokines was used to compare protein profiles produced by cells on different 
substrates. TIMP-1 was detected in both cultures with higher levels from TMV substrate. 
However, the productions of some cytokines and growth factors were induced only by 




organization was carried out to compare cells on TCP and TMV substrates prior to 
osteoinduction, at which time cell aggregation was first observed. The actin intensity by 
phalloidin staining was more intense in cells on TMV substrate, indicating higher activity 
from actin polymerization which could facilitate mobilization of cells to form nodules 
within 24 hours of cell seeding (Figure 1.10). At higher magnification, cells on TCP 
surface maintained highly aligned sarcomeric striations, whereas cells on TMV substrate 
displayed nonaligned striations. These observations are similar to an experiment by 
Mendonça et al. [50], which demonstrated that cells on a rougher surface topography 
exhibit an undefined long axis with thicker actin filaments leading to less initial cell 
spreading followed by enhanced mineralization. 
 
1.2.8 Reduced focal adhesion size 
The interaction between cell and ECM is mediated by cell surface receptors (i.e. 
integrins) [68]. Vinculins, part of focal adhesion complexes (FACs), couple the integrins 
to the cytoskeleton allowing crosstalk between ECM and intracellular signalling [69]. 
Biggs et al. highlighted the effects of nanogrooves mediating osteoblastic functions by 
regulating focal adhesions and subsequent intracellular molecular events.[6] There are 
other reports showing that integrin-mediated focal adhesion is an important regulator for 
osteogenesis [70, 71]. Previous studies illustrated that increased localization of vinculin is 
associated with larger focal adhesion (FA) size and strengthening of adhesion leading to 
reduced cell motility [69, 72]. Smaller size of FAs suggests that BMSCs attached to TMV 
substrate weakly, whereas the larger size of FACs dictates stronger cell-substrate 




Figure 1.10 Cytoskeleton immunochemical staining showing actin polymerization and 
organization of cells on TCP control and TMV substrate after 24 hours seeding, prior to 
osteoinduction, at low- (top row) and high-magnification (bottom row). Similar fibrous 
cytoskeleton organization was observed where cells spread out in both cell cultures. 
However, in cell aggregates on TMV substrate the actin intensity was higher (white 
circles) and well-defined actin filament was absent (white arrow). Color representation: 




indicating stronger adhesion to the underlying substrate, the cells on TMV substrate 
showed smaller FA sizes (Figure 1.11 A, B). The significantly smaller FA size for cells 
on TMV substrates is likely to increase cell motility and facilitate the formation of cell 
aggregates within 24 hours of seeding. Further studies are necessary to establish the 




Early morphological differences were documented for cells seeded on TMV-coated 
substrates, wherein the cells often aggregated and spread poorly. The highest BMP2 
mRNA and protein levels was detected in cells cultured on TMV-coated substrates after 8 
hours of osteoinduction and maintained high levels of BMP2 mRNA and protein levels 
even after 24 hours. To eliminate the possibility that the virus may act as a soluble 
inducer, the virus was supplemented in the media as a solution, however this approach 
did not afford the same enhancement as the immobilized virus substrate. BMP2 was 
localized to the cell aggregates, which are only present on cells cultured on TMV coated 
substrates. Decoupling the three osteogenic agents (dexamethasone, β-glycerophosphate, 
and ascorbic acid) suggests that TMV coating enhances the effect of dexamethasone, but 
TMV coating alone was sufficient to induce BMP2 gene expression. Screening the media 
for cytokines revealed the presence of CINC-1, CINC-2, MIP-3α, and VEGF. The 
surface topography from TMV coating disrupted actin alignment and reduced FA size. 
The smaller FA indicates a weaker cell-substrate interaction on TMV substrates. The 
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BMP2 expression.  
Although extensive studies with BMP2 show potent osteoinductive effects at 
early time points, additional studies involving BMP2 knockdown by siRNA and BMP2 
antagonist, noggin, will be necessary to eliminate other possible factors involved in 
TMV-mediated osteogenesis. Further investigation into other early cell-material and 
secreted protein-material interactions is necessary to gain a better understanding of how 
the TMV coating can promote the endogenous production of BMP2. The regulation of 
endogenous BMP2 expression will be critical for advanced biomaterial development in 
bone tissue engineering applications. 
 
1.4 EXPERIMENTAL SECTION 
1.4.1 TMV Isolation 
TMV was isolated and purified according to a protocol previously reported [24, 26]. 
 
1.4.2 Preparation of TMV coated substrates 
For imaging experiments, 22x22 cm glass coverslips (VWR) were cleaned by piranha 
solution (7:3 mixture of 98% H2SO4 and 30% H2O2) at 75 °C for 2 hours, followed by 
three washes with water (Millipore Synergy UV system, 18.2 MΩ) and sonication. The 
dry glass coverslips were immersed in 1% (v/v) of 3-aminopropyltriethoxysilane 
(APTES) in ethanol for 10 minutes and washed thoroughly with ethanol to remove excess 
APTES. After drying with nitrogen, APTES coating was crosslinked at 160°C in a 
vacuum oven for 1 hour. The wafers were dried and flushed with nitrogen gas for 
complete drying. For gene expression experiments, APTES coated slides (Lab Scientific 
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Inc.) were cut into 1.5 cm2 wafers. Both coverslips and slide wafers were sterilized with 
ethanol before use. For TMV coating, the wafers and coverslips were coated with 0.2 
mg/mL TMV solution diluted in water and the coated substrates were dried overnight in a 
sterile biosafety cabinet. The virus coverage on the wafers was characterized using 
tapping-mode AFM images using a NanoScope IIIA MultiMode AFM (Veeco). Si tips 
with a resonance frequency of approximately 300 kHz, a spring constant of about 40 N 
m-1 and a scan rate of 0.5 Hz were used. 
 
1.4.3 BMSC isolation and expansion 
Primary BMSCs were isolated from the bone marrow of young adult 80 g male Wister 
rats (Harlan Sprague Dawley, Inc.).  The procedures were performed in accordance with 
the guidelines for animal experimentation by the Institutional Animal Care and Use 
Committee, School of Medicine, University of South Carolina. Cells were maintained in 
growth medium (DMEM supplemented with 10% fetal bovine serum (FBS), penicillin 
(100 U/mL), streptomycin (100 µg/mL) and amphotericin B (250 ng/mL)) and passaged 
no more than four times after isolation. To induce osteogenesis, growth media was 
replaced with osteogenic media consisting of DMEM supplemented with 10% FBS, 
penicillin (100 u/mL), streptomycin (100 µg/mL), amphotericin B (250 ng/mL), 10 mM 
sodium β-glycerolphosphate, L-ascorbic acid 2-phosphate (50 µg/mL) and 10-8 M 






1.4.4 Quantitative real-time RT-PCR analysis (RT-qPCR) 
TMV coated wafers were seeded with 4.5 X 104 cells per wafer and allowed to attach 
overnight in growth media. The media is replaced with osteogenic media and cultured for 
8 and 24 hours. In addition, BMSCs with similar density were seeded on 3.8 cm2 tissue 
culture plastic (TCP), with or without TMV in the osteogenic media, for the above 
mentioned time periods. Furthermore, to determine which osteogenic components are 
required to enhance osteogenesis on TMV-coated wafers, BMSCs on TMV substrates 
were cultured in basal media with each osteogenic inducing agent for 8 hours. The cell 
cultures were terminated at this time point and total RNA was subsequently extracted 
using (RNeasy mini purification kit, Qiagen). The number of samples for each 
experiment (n) was two and each experiment was repeated (N) three times. 
 The quality and quantity of the extracted RNA was analyzed using Bio-Rad 
Experion (Bio-Rad Laboratories) and was reverse transcribed by using qScript™ cDNA 
Supermix (Quanta Biosciences). RT-qPCR (iQ5 real-time PCR detection system Bio-Rad 
Laboratories) was done by the method described as: 60 cycles of  PCR ( 95˚C for 20s, 
58˚C for 15 s, and 72˚C for 15s), after initial denaturation step of 5 minutes at 95˚C, by 
using 12.5 µL of iQ5 SYBR Green I Supermix, 2  pmol/µL of each forward and reverse 
primers and 0.5 µL cDNA templates in a final reaction volume of 25 µL. Glyceraldehyde 
3-phosphate dehydrogenase (GAPDH) was used as the housekeeping gene. Data 
collection was enabled at 72˚C in each cycle and CT (threshold cycle) values were 
calculated using the iQ5 optical system software version 2.1. The expression levels of 
differentiated genes and undifferentiated genes were calculated using Pfaffl’s method 
(M.W. Pfaffl, G.W. Horgan and L. Dempfle, Relative expression software tool) for 
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group-wise comparison and statistical analysis of relative expression results in real-time 
PCR, using GAPDH as the reference gene. Quantification of gene expression was based 
on the CT value for each sample which was calculated as the average of three replicate 
measurements for each sample analyzed. “Pair Wise Fixed Reallocation Randomization 
Test” was performed on each sample and a value of p < 0.05 was regarded as significant. 
The primers used for RT-qPCR are shown in Table 1.1. The primers were synthesized 
commercially (Integrated DNA Technologies, Inc.), and evaluated for an annealing 
temperature of 58˚C. 
 
1.4.5 Cytochemical staining and quantification 
For cytochemical staining, 4.5 × 104 cells were seeded on TMV coated wafers and 
allowed to attach overnight in basal media. The media was replaced after 24 hours of 
culture with osteogenic media and cultured for an additional 7, 14, and 21 days. As 
controls, BMSCs were seeded on 3.8 cm2 TCP at similar densities for the same time 
periods. CellTiter Blue® assay (Promega) was used to determine number of cells in each 
sample one hour prior to cell fixation. The cells were fixed with 4% paraformaldehyde 
for 15 minutes at room temperature. To determine ALP activity, each fixed samples were 
incubated in 500 µL of 1-Step p-nitrophenyl phosphate solution (Thermo Scientific) for 
15 minutes at room temperature. Then the solution was transferred to a new microfuge 
tube with 250 µL of 2 N NaOH to stop the reaction and the absorbance at 405 nm was 
measured. The number of samples for each experiment (n) was three and each experiment 




Table 1.1 Primers used for RT-qPCR to measure gene expression levels. ALPL: alkaline 
phosphatase; BMP2: bone morphogenetic protein 2; IBSP: integrin-binding sialoprotein. 
 
 
















To compare calcium deposition, fixed samples at day 14 were stained with 0.1% 
Alizarin red solution (Sigma-Aldrich) pH 4.1-4.5 for 30 minutes. Since the reaction was 
highly light sensitive, the substrates were wrapped in aluminium foil during the Alizarin 
red staining. After washing with ultrapure water, 200 µL of 0.1N NaOH was added to 
each sample to extract the dye from the sample. The amount of dye was quantified by 
measuring absorbance at 548 nm wavelength. Both absorbance values at 405 nm and 548 
nm were normalized against cell number from CellTiter Blue® standard curve. The 
number of samples for each experiment (n) was three and each experiment was repeated 
(N) two times. 
 
1.4.6 Enzyme-linked immunosorbent assay (ELISA) 
In order to validate RT-qPCR gene expression at protein expression level, TMV coated 
coverslips and uncoated coverslips were seeded with 1.0 X 105 cells per piece. 40 µg of 
TMV was added to each TMV-in-solution culture. The cultures were terminated at 8 and 
24 hours after osteo-induction. CellTiter Blue® (Promega) was used to determine cell 
number in each sample one hour prior to cell fixation with 4% paraformaldehyde. Each 
of the samples was then permeabilized with 0.1% Triton-X 100 for 15 minutes and 
blocked in 1.5% bovine serum albumin (BSA, Sigma-Aldrich) in PBS for 1 hour at room 
temperature. After blocking, the cells were incubated overnight with mouse monoclonal 
antibody targeting BMP2 (R&D systems) at 1:100 dilution in blocking buffer. Secondary 
goat anti-mouse antibody conjugated with horseradish peroxidase (Cayman Chemical) 
was used at 1:1000 dilution for 2 hours at room temperature. After washing, 1 mL of 
3,3’,5,5’-tetramethylbenzidine (TMB) solution prepared from TMB ready-to-use tablet 
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(Amresco) was added to each sample, incubating on a rocker for 30 minutes at room 
temperature. The reaction was stopped by adding 500 µL of 2.0 M H2SO4. Absorbance at 
450 nm wavelength was measured and then normalized against cell number. Protein 
expressions are shown as fold change relative to cells cultured on TCP without osteo-
induction. The number of samples for each experiment (n) was three and each experiment 
was repeated (N) two times. 
 
1.4.7 Immunofluorescence assays and image analysis 
The localization of endogenously expressed BMP2 was examined by 
immunohistochemical staining. TMV coated coverslips and uncoated coverslips were 
seeded with 1.0 X 105 cells per piece. The cultures were terminated at 8 and 24 hours 
after osteo-induction. Cells were fixed in 4% paraformaldehyde at room temperature for 
30 minutes. Each of the samples was then permeabilized with 0.1% Triton-X 100 for 15 
minutes and blocked in 1.5% bovine serum albumin (BSA, Sigma-Aldrich) in PBS for 1 
hour at room temperature. After blocking, the cells were incubated overnight with mouse 
monoclonal antibody targeting BMP2 (R&D Systems) at 1:100 dilution in blocking 
buffer. Secondary goat anti-mouse antibody conjugated with fluorescein (Chemicon) was 
used at 1:100 dilution for 2 hours at room temperature. Rhodamine-phalloidin (1:100 in 
PBS) was used to stain filamentous actin. Nuclei were stained with DAPI (4, 6-
diamidino-2-phenylindole, 100 ng/mL). The samples were then mounted and sealed with 
clear nail polish before imaging. Images of the stained substrates were taken on Olympus 
IX81 fluorescent microscopy.  
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 For imaging of actin structure and focal adhesion associated protein, vinculin, 
uncoated coverslips and TMV coated coverslips were seeded with 1.0 × 105 cells each. 
Cultures were terminated 24 hours after seeding in basal media. The samples were fixed, 
permeabilized, and blocked as described above. Cells were incubated with anti-vinculin 
mouse monoclonal antibody (Neomarkers) at 1:200 dilution in blocking buffer. 
Secondary goat anti-mouse antibody conjugated with fluorescein (Chemicon) was used at 
1:100 dilutions for 2 hours at room temperature. Rhodamine-phalloidin (1:100 in PBS) 
was used to stain actin. Nuclei were stained with DAPI, and the samples were mounted 
and sealed with clear nail polish before imaging. 
 SlideBook™ 5 was used to select and analyze immunofluorescence images of 
vinculin. After setting the threshold for masks, the criteria used to select vinculin spots to 
be analyzed were XY shape factor larger than 1.5 and area size between 0.5-15 µm. The 
average size of vinculin for each image was calculated, followed by the calculation of 
average vinculin size of cells on TCP and TMV substrate and the standard deviation from 
average values of three individual images. 
 
1.4.8 Statistics/data analysis 
Data were expressed as mean ± standard deviation (s.d.) of the measured values for 
cytochemical staining quantification and ELISA. Data were analysed by ANOVA for 
multiple comparisons, and a post hoc test for group to group comparisons, with p < 0.05 





1.4.9 Cytokine array 
Rat Cytokine Antibody Array (R&D Systems) was used according to the manufacturer’s 
instructions. Culture media were collected at 24 hours after cell seeding on TCP control 
and TMV-coated glass. Briefly, membranes were blocked for 1 hour followed by 
overnight incubation at 4 °C in 1 mL of cell culture media pre-incubated with provided 
detection antibody cocktail. After washing, the membranes were incubated with 
horseradish peroxidase-conjugated streptavidin for 30 minutes. Signals were developed 
with Pierce ECL Western Blotting Substrate (Thermo Scientific) and detected on CL-
XPosure Film (Thermo Scientific). 
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CHAPTER 2 
POSSIBLE SIGNALING PATHWAY INVOLVED IN TMV SUBSTRATE-INDUCED EARLY 
UPREGULATION OF BMP2 
2.1 INTRODUCTION 
2.1.1 Bone marrow derived mesenchymal stem cells 
Stem cell fate is closely controlled by the surrounding stimuli, including both soluble and 
insoluble factors. How stem cells respond to different topographical cues has been 
extensively studied for tissue engineering and regenerative medicine applications [1-4]. 
Recently, it has been highlighted that the mechanical stimuli is also very important for 
the proliferation and differentiation of bone cells [5-7]. Bone marrow derived 
mesenchymal stem cells (BMSCs) were used to study material-mediated osteogenic 
differentiation in this chapter. BMSCs are from the non-hematopoietic sub-population of 
bone marrow stroma [8-10], which have the ability to self-renew and differentiate to 
various lineages, such as adipocytes, osteocytes, chondrocytes, hepatocytes, neurons, 
muscle cells, and epithelial cells [10-15].  
 
2.1.2 Plant virus-based substrates accelerate osteogenesis 
In our previous work, we have reported accelerated osteogenic differentiation for BMSCs 
grown on plant virus coated substrates in comparison to cells cultured on conventional 
tissue culture plastic (TCP) [16, 17]. Two different plant viruses were employed in those 
studies, i.e. spherical Turnip yellow mosaic virus (TYMV) and rod-like Tobacco mosaic 
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virus (TMV). In both situations, several key mRNA markers associated with bone 
differentiation peaked at day 14 for cells on virus-coated substrates, whereas the cells on 
conventional plates required an additional 7 days to reach similar expression profiles [16, 
17]. Moreover, immunohistochemical staining for osteoblastic specific differentiation 
markers, osteocalcin, osteonectin, and osteopontin, had supported the gene expression 
profiles on day 14. The expression of such osteogenic markers were further enhanced 
upon chemically modifying the virus with phosphates as indicated by increased Ca2+ 
mineralization and even higher mRNA expression levels of osteocalcin [18]. More 
importantly, our recent report illustrated that the roughness of TMV-coated substrate 
induced an early upregulation of endogenous levels of bone morphogenetic protein-2 
(BMP2), which is the most potent bone inducing agent, through the disruption of actin 
and the reduction in focal adhesion size [19]. 
 
2.1.3 BMP2 as a key osteogenic initiator 
BMP2 is a member of bone morphogenetic protein subgroup within the transforming 
growth factor β (TGF-β) super family. Among the bone morphogenetic proteins (BMPs), 
the role of BMP2 in osteoblast differentiation and bone formation during embryonic 
skeletal development and postnatal bone remodelling have been extensively documented 
[20-24]. Although overexpression of BMP2 by genetic transfection has proven to 
increase bone regeneration [25-29], the regulation of endogenous BMP2 expression is 
still unclear. There are recent evidences that external mechanical stress can induce the 
upregulation of endogenous BMP2 expression, leading to a long term osteogenesis [6, 30, 
31]. Kearney et al. [30] suggested that stress and strain induced osteogenesis through 
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mitogen-activated protein kinases (MAPKs), such as extracellular regulated kinase 
(ERK), phosphatidylinositol 3-kinase (PI3K), and p38 MAPK. In this chapter, we 
attempted to investigate upstream regulators of BMP2 for a better understanding about 
TMV substrate-induced osteogenic acceleration via an early increase in endogenous 
BMP2 expression. Data from various experiments, including gene microarray [16], 
cytokine antibody array [19], quantitative real-time PCR (RT-qPCR), and motility gene 
PCR array, were combined and analyzed for upstream signalling events prior to the 
observed BMP2 expression induction. It is believed that cytokine production may 
facilitate the aggregation of BMSCs to form nodules upon seeding on TMV substrate 
[19] and certain protein kinases could be involved to signal BMP2 upregulation in a 
similar way to stress-induced osteogenesis [30].  
 
2.2 RESULTS AND DISCUSSION 
2.2.1 Upregulation of cytokines prior to BMP2 upregulation 
Chemokines, small chemotactic cytokines, are not only important in the migration of 
immune cells during injury and infection [32], but also the migration of stem cells during 
body development and maturation [33]. It has been illustrated that cytokines are involved 
in growth regulation, hematopoiesis, embryologic development, angiogenesis, stem cell 
trafficking and tissue localization [34]. From our previous report, BMSCs on TMV 
produced cytokine-induced neutrophile chemoattractant 1 and 2 (CINC-1 and -2), 
macrophage inflammatory protein (MIP-3α), and vascular endothelial growth factor 
(VEGF) on the cytokine antibody array [19]. To follow up with this result, the mRNA 
expression levels of these cytokines along with one additional cytokine, macrophage 
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chemotactic protein 1 (MCP-1), were quantified by RT-qPCR (Figure 2.1). It has been 
demonstrated that MCP-1 could induce BMP2 expression in macrophages [35] so it 
would be interesting to investigate its expression in BMSCs on TMV substrate. The result 
in Figure 2.1 was consistent with previously published cytokine antibody array [19], 
indicating an increased production of CINC-1, CINC-2, MIP-3α, VEGF, and MCP-1 in 
BMSCs grown on TMV substrate. There was no significant change in tissue inhibitor of 
metalloproteinase 1 (TIMP-1) production in both samples. 
BMP2 expression was reported to reach the maximum level at 8 hours after 
osteoinduction [19]. However, the upregulation of these cytokines were peaked at 4 hours 
after osteoinduction from RT-qPCR experiment (Figure 2.1) as well as their protein 
expressions were detectable at 4 hours after osteoinduction [19]. It is possible that these 
cytokines may be expressed even earlier because 4 hours was the earliest time point in 
this experiment. The prior expressions of cytokines could facilitate the migration of 








Figure 2.1 RT-qPCR analysis for cytokine gene expressions in BMSCs under osteogenic condition at 4, 8, 16, and 24 
hours after osteoinduction. BMSCs were seeded on TCP or TMV substrate. At every time point, BMSCs on TMV 
showed increased mRNA expression levels of CINC-1, CINC-2, MIP-3α, VEGF, and MCP-1. There was no significant 
change in TIMP-1 mRNA expression level. The PCR product bands on 1% agarose gel were imaged, indicating single 
bands of specific PCR products for each gene (left: TCP, right: TMV). The error bars denote ± 1 S.D.  
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2.2.2 PCR array for expression changes in motility genes 
In order to screen if genes involved in cell motility were involved in an early cell nodule 
formation induced by cytokines and the early upregulation of endogenous BMP2 
expression, PCR array screening 84 key genes involved in the movement of cells was 
performed. The analyzed data was organized in a scattered plot with 2-fold cutoff (Figure 
2.2). Genes that had less than 2-fold change were regarded as not significant and 
represented as black circles in Figure 2.2. There were fewer genes upregulated (red 
circles) compared to downregulated ones (green circles). A complete list of motility 
genes and their expression fold change values was organized from the most upregulated 
to the most downregulated in Table 2.1. The insignificant change of gene expression 
levels remains to have a value number in black. The significant gene upregulation has a 
fold-change number in red, while the significant gene downregulation has a fold-change 
number in blue. From Table 2.1, the upregulation value of VEGF expression level (1.43-
fold) is consistent with the value from RT-qPCR in Figure 2.1. This validated the data 
from cell motility PCR array. 
The interaction between cell and extracellular matrix (ECM) is mediated by cell 
surface receptors (i.e. integrins) [36]. Integrins belong to a group of heterodimeric (α and 
β subunits) transmembrane adhesion receptors for ECM proteins such as fibronectin and 
vitronectin [36]. Osteoblasts have been shown to express integrin subunits α1, α2, α3, α4, 
α5, α6, αv, β1, β3, and β5 [37]. A unique combination of α and β subunits determine which 
ECM molecules will be recognized by a cell. Osteogenesis was reported to involve the 
recognition of α2β1 to type I collagen and α5β1 to fibronectin [38]. Surprisingly, it was 





Figure 2.2 Scattered plot with 2-fold cutoff of data from rat cell motility gene PCR array. 







Table 2.1 A complete list of cell motility genes with corresponding expression fold 
change of BMSCs on TMV over those on TCP control, arranged from the most up-





Fold Up- or 
Down-
Regulation 
Arhgef7 Rho guanine nucleotide exchange factor (GEF) 7 1766.22 
Actn3 Actinin alpha 3 37.12 
Mmp9 Matrix metallopeptidase 9 15.66 
Rac2 
Ras-related C3 botulinum toxin substrate 2 (rho family, 
small GTP binding protein Rac2) 
5.07 
Plcg1 Phospholipase C, gamma 1 3.5 
Itga4 Integrin, alpha 4 3.08 
Rho Rhodopsin 2.2 
Vegfa Vascular endothelial growth factor A 1.43 
Dpp4 Dipeptidylpeptidase 4 1.06 
Pten Phosphatase and tensin homolog -1.12 
Plaur Plasminogen activator, urokinase receptor -1.17 
Pik3ca Phosphoinositide-3-kinase, catalytic, alpha polypeptide -1.2 
Itgb2 Integrin, beta 2 -1.23 
Ptk2b PTK2B protein tyrosine kinase 2 beta -1.25 
Itgb3 Integrin, beta 3 -1.32 
Hgf Hepatocyte growth factor -1.33 
Rnd3 Rho family GTPase 3 -1.35 
Pld1 Phospholipase D1 -1.52 
Rasa1 RAS p21 protein activator (GTPase activating protein) 1 -1.68 
Met Met proto-oncogene -1.69 
Vim Vimentin -1.73 
Stat3 Signal transducer and activator of transcription 3 -1.76 
Mmp2 Matrix metallopeptidase 2 -1.84 
Ptk2 PTK2 protein tyrosine kinase 2 -1.97 
Vcl Vinculin -2.09 
Actr3 ARP3 actin-related protein 3 homolog (yeast) -2.1 
Wasf2 WAS protein family, member 2 -2.1 
Egfr Epidermal growth factor receptor -2.14 
Pxn Paxillin -2.16 
Rock1 Rho-associated coiled-coil containing protein kinase 1 -2.29 






Fold Up- or 
Down-
Regulation 
Rhoa Ras homolog gene family, member A -2.49 
Cdc42 Cell division cycle 42 (GTP binding protein) -2.56 
Rdx Radixin -2.66 
Ptpn1 Protein tyrosine phosphatase, non-receptor type 1 -2.67 
Rac1 Ras-related C3 botulinum toxin substrate 1 -2.71 
Pak1 P21 protein (Cdc42/Rac)-activated kinase 1 -2.73 
Vasp Vasodilator-stimulated phosphoprotein -2.78 
Enah Enabled homolog (Drosophila) -2.84 
Tln1 Talin 1 -2.84 
Tgfb1 Transforming growth factor, beta 1 -2.91 
Wasf1 WAS protein family, member 1 -2.93 
Baiap2 BAI1-associated protein 2 -2.94 
Myh10 Myosin, heavy chain 10, non-muscle -3.01 
Sh3pxd2a SH3 and PX domains 2A -3.01 
Rhoc Ras homolog gene family, member C -3.17 
Fap Fibroblast activation protein, alpha -3.22 
Capn1 Calpain 1 -3.38 
Arhgdia Rho GDP dissociation inhibitor (GDI) alpha -3.4 
Timp2 TIMP metallopeptidase inhibitor 2 -3.42 
Egf Epidermal growth factor -3.59 
Igf1 Insulin-like growth factor 1 -3.6 
Ezr Ezrin -3.62 
Limk1 LIM domain kinase 1 -3.65 
Myl9 Myosin, light chain 9, regulatory -3.76 
Svil Supervillin -3.83 
Myh9 Myosin, heavy chain 9, non-muscle -4.05 
Prkca Protein kinase C, alpha -4.27 
Crk V-crk sarcoma virus CT10 oncogene homolog (avian) -4.28 
Wipf1 WAS/WASL interacting protein family, member 1 -4.57 
Msn Moesin -4.67 
Pfn1 Profilin 1 -4.88 
Diaph1 Diaphanous homolog 1 (Drosophila) -4.92 
Itgb1 Integrin, beta 1 -5.01 
Cttn Cortactin -5.76 
Rhob Ras homolog gene family, member B -5.8 
Csf1 Colony stimulating factor 1 (macrophage) -5.96 






Fold Up- or 
Down-
Regulation 
Pak4 P21 protein (Cdc42/Rac)-activated kinase 4 -6.26 
Bcar1 Breast cancer anti-estrogen resistance 1 -6.79 
Igf1r Insulin-like growth factor 1 receptor -6.85 
Src 
V-src sarcoma (Schmidt-Ruppin A-2) viral oncogene 
homolog (avian) 
-7.08 
Capn2 Calpain 2 -7.15 
Akt1 V-akt murine thymoma viral oncogene homolog 1 -7.17 
Arf6 ADP-ribosylation factor 6 -7.45 
Actn4 Actinin alpha 4 -8.12 
Mmp14 Matrix metallopeptidase 14 (membrane-inserted) -8.33 
Cav1 Caveolin 1, caveolae protein -9.32 
Actn1 Actinin, alpha 1 -11.7 
Iqub IQ motif and ubiquitin domain containing -13.15 
Ilk Integrin-linked kinase -14.43 
Cfl1 Cofilin 1, non-muscle -27.3 
Actr2 ARP2 actin-related protein 2 homolog (yeast) -33.97 





was downregulated (-5.01-fold) in BMSCs on TMV surface (Table 2.1). It will be 
interesting to further study the involvement of integrin α4 subunit in TMV-induced BMP2 
production and subsequent acceleration in osteogenesis since there has not been any 
report on this relationship. 
As reported previously that actin skeleton disruption could contribute to 
osteogenesis [19], from Table 2.1 actn3 was highly upregulated (37.12-fold), whereas 
actn4 (-8.12-fold) and actn1 (-11.7-fold) were downregulated in BMSCs on TMV 
substrate. The decreased in actn4 and actn1 expression levels could lead to the reported 
actin disruption [19]. However, the increase in actn3 expression level may result in an 
increase in osteogenesis rate as Yang et al. [39] demonstrated that α-actinin 3 deficiency 
was associated with reduced bone mass. Although the direct relationship between α-
actinin 3 and BMP2 is still unclear, we could predict that α-actinin 3 is involved in the 
bone formation process. 
 
2.2.3 BMP2 upregulation may be controlled by MAPKs and inhibitors 
Most of the studies done on BMP2 are on the inductive effect of recombinant BMP2 on 
downstream osteogenic gene and protein expression [40-46]. Some reported on the 
overexpression of BMP2 to improve bone healing process [25-29, 47-50]. However, little 
has been published on the native regulation of BMP2. It has been documented that 
typically cell nodules were formed at 2-3 days after cell confluency, and the nodules 
started to grow larger and mineralize at 5-20 days in vitro [51]. During this culture 
period, there was a 2-3 fold increase in the expression of BMP2 mRNA at the first 5 days 
and the expression increased to a peak of 4-5 fold change at 10 days. After that, the 
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expression of BMP2 mRNA gradually decreased to the baseline level of 1 fold over the 
next 10 days. In our previous work, BMP2 mRNA expression had a peak at 8 hours after 
osteogenic induction [19], which is 10 days earlier than the typical in vitro culture. The 
early expression of BMP2 could be the reason of accelerated osteogenesis. The 
expression fold change observed is a result of the change in transcriptional regulation. It 
is believed that several protein kinases are involved in the regulation of BMP2 
transcription. For example, an increase in BMP2 expression induced by 
nanohydroxyapatite in culture media was inhibited by treatment with a p38 MAPK 
inhibitor [52]. In a strain-induced synthesis of BMP2, the addition of ERK, PI3K, p38 
MAPK inhibitors reduced BMP2 mRNA expression level [30]. In our system with TMV 
substrate-induced BMP2 upregulation, the signalling cascade could be similar with the 
strain-induced situation [30] because the BMP2 expression patterns were comparable. It 
is possible that stress is induced in BMSCs upon coming in contact with TMV substrate 
as disrupted actin filaments and smaller focal adhesion size were observed [19]. 
However, further protein kinase activation and inhibition experiments are necessary to 
confirm which protein kinases are involved in TMV substrate-induced BMP2 
upregulation. 
Potency of BMP2 is not only controlled at the transcription level, but it can also 
be controlled by extracellular antagonists, such as noggin and chordin, which bind to 
BMP2 preventing its binding to the cell surface receptors [53]. It may be insightful to 
investigate protein expression levels of BMP2 antagonists in order to explain the change 
in BMP2 activity in BMSCs on TMV substrate. Interestingly, although BMP2 belongs to 
the same family as TGF-β, the addition of TGF-β during the first 8 days after cell 
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confluency inhibited the normal increase of BMP2 mRNA expression [51]. As shown in 
Table 2.1, TGF-β expression level in BMSCs on TMV was lower by 2.91-fold compared 
to those on TCP control. 
In addition to the blocking of BMP2 by its antagonists, BMP2 knockout BMSCs 
could serve as a control for a successful inhibition. Moreover, it is necessary to confirm 
BMP2 as a key regulator in TMV substrate-induced osteogenic acceleration. The use of 
BMP2 knockout BMSCs would provide a better understanding in the involvement of 
endogenous BMP2 upregulation in material-mediated bone regeneration.  
 
2.3 CONCLUSION 
The highest BMP2 mRNA and protein levels was detected in cells cultured on TMV-
coated substrates after 8 hours of osteoinduction and maintained high levels of BMP2 
mRNA and protein levels even after 24 hours. Screening the media for cytokines revealed 
the presence of CINC-1, CINC-2, MIP-3α, and VEGF at 4 hours after osteoinduction, 
which is prior to the BMP2 expression peak. Gene expression analysis of these cytokines, 
along with MCP-1, confirmed and quantified their upregulation. There were 7 motility 
genes upregulated from PCR array experiment, suggesting TMV substrate promotes cell 
aggregation and induces an early onset BMP2 expression (Figure 2.3). 
 Although extensive studies with BMP2 have shown potent osteoinductive effects 
at early time points, additional studies on BMP2 regulation will be necessary to identify 
the signalling pathways involved in TMV substrate recognition and BMP2 induction. 
Further investigation into protein kinases and extracellular antagonists could be helpful 





















production of BMP2. The regulation of endogenous BMP2 expression will be critical for 
advanced biomaterial development in bone tissue engineering applications. 
 
2.4 EXPERIMENTAL SECTION 
2.4.1 TMV Isolation 
TMV was isolated and purified according to a protocol previously reported [16, 18]. 
 
2.4.2 Preparation of TMV coated substrates 
3-Aminopropyltriethoxysilane (APTES) coated slides (Lab Scientific Inc.) were cut into 
1.5 cm2 wafers. Both coverslips and slide wafers were sterilized with ethanol before use. 
For TMV coating, the wafers and coverslips were coated with 0.2 mg/mL TMV solution 
diluted in water and the coated substrates were dried overnight in a sterile biosafety 
cabinet. The virus coverage on the wafers was characterized using tapping-mode AFM 
images using a NanoScope IIIA MultiMode AFM (Veeco). Si tips with a resonance 
frequency of approximately 300 kHz, a spring constant of about 40 N m-1 and a scan rate 
of 0.5 Hz were used. 
 
2.4.3 BMSC isolation and expansion 
Primary BMSCs were isolated from the bone marrow of young adult 80 g male Wister 
rats (Harlan Sprague Dawley, Inc.).  The procedures were performed in accordance with 
the guidelines for animal experimentation by the Institutional Animal Care and Use 
Committee, School of Medicine, University of South Carolina. Cells were maintained in 
growth medium (DMEM supplemented with 10% fetal bovine serum (FBS), penicillin 
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(100 U/mL), streptomycin (100 µg/mL) and amphotericin B (250 ng/mL)) and passaged 
no more than four times after isolation. To induce osteogenesis, growth media was 
replaced with osteogenic media consisting of DMEM supplemented with 10% FBS, 
penicillin (100 u/mL), streptomycin (100 µg/mL), amphotericin B (250 ng/mL), 10 mM 
sodium β-glycerolphosphate, L-ascorbic acid 2-phosphate (50 µg/mL) and 10-8 M 
dexamethasone. Media was replenished every 3-4 days. 
2.4.4 Quantitative real-time RT-PCR analysis (RT-qPCR) 
TMV coated wafers were seeded with 4.5 × 104 cells per wafer and allowed to attach 
overnight in growth media. The media is replaced with osteogenic media and cultured for 
4, 8, 16, and 24 hours. In addition, BMSCs with similar density were seeded on 3.8 cm2 
tissue culture plastic (TCP) in the osteogenic media, for the above mentioned time 
periods. The cell cultures were terminated at these time points and total RNA was 
subsequently extracted using RNeasy mini purification kit (Qiagen).  
 The quality and quantity of the extracted RNA was analyzed using Bio-Rad 
Experion (Bio-Rad Laboratories) and was reverse transcribed by using qScript™ cDNA 
Supermix (Quanta Biosciences). RT-qPCR (iQ5 real-time PCR detection system Bio-Rad 
Laboratories) was done by the method described as: 60 cycles of PCR (95˚C for 20 s, 
58˚C for 15 s, and 72˚C for 15 s), after initial denaturation step of 5 minutes at 95˚C, by 
using 12.5 µL of iQ5 SYBR Green I Supermix, 2  pmol/µL of each forward and reverse 
primers and 0.5 µL cDNA templates in a final reaction volume of 25 µL. Glyceraldehyde 
3-phosphate dehydrogenase (GAPDH) was used as the housekeeping gene. Data 
collection was enabled at 72˚C in each cycle and CT (threshold cycle) values were 
calculated using the iQ5 optical system software version 2.1. The expression levels of 
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differentiated genes and undifferentiated genes were calculated using Pfaffl’s method 
(M.W. Pfaffl, G.W. Horgan and L. Dempfle, Relative expression software tool) for 
group-wise comparison and statistical analysis of relative expression results in real-time 
PCR, using GAPDH as the reference gene. Quantification of gene expression was based 
on the CT value for each sample which was calculated as the average of three replicate 
measurements for each sample analyzed. “Pair Wise Fixed Reallocation Randomization 
Test” was performed on each sample and a value of p < 0.05 was regarded as significant. 
The primers used for RT-qPCR are shown in Table 2.2. The primers were synthesized 
commercially (Integrated DNA Technologies, Inc.), and evaluated for an annealing 
temperature of 58˚C. 
 
2.4.5 Rat cell motility gene PCR array 
TCP or TMV coated wafers were seeded with 4.5 × 104 cells per sample and allowed to 
attach overnight in growth media. The media is replaced with osteogenic media and 
cultured for 4 hours. The cell cultures were terminated at these time points and total RNA 
was subsequently extracted (RNeasy mini purification kit, Qiagen). Rat cell motility gene 
PCR array was purchased from SA Biosciences (Qiagen). The experiment was performed 
according to the manufacturer’s instructions. In brief, RNA samples were converted to 
cDNA using RT2 First Strand kit (Qiagen). Synthesized cDNA was added to RT2 qPCR 
SYBR Green mastermix and aliquoted to the PCR array plate containing pre-loaded 
primers. RT-qPCR (iQ5 real-time PCR detection system Bio-Rad Laboratories) was done 
by the method described as: 40 cycles of PCR (95˚C for 15 sec, and 60˚C for 1 min), after 
initial denaturation step of 10 minutes at 95˚C. Data was analyzed and scatter plot of gene 
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Table 2.2 Primers used for RT-qPCR to measure cytokine gene expression levels. CINC-
1: cytokine-induced neutrophile chemoattractant 1; CINC-2: cytokine-induced 
neutrophile chemoattractant 2; MCP-1: macrophage chemotactic protein 1; MIP-3α: 
macrophage inflammatory protein; and VEGF: vascular endothelial growth factor.  



























profile was generated by RT2 Profiler PCR Array Data Analysis version 3.3, provided 
online by the manufacturer. 
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RGD-CONJUGATED ROD-LIKE VIRAL NANOPARTICLES ON 2D SCAFFOLD 
IMPROVED BONE DIFFERENTIATION OF MESENCHYMAL STEM CELLS 
3.1 INTRODUCTION 
3.1.1 Tobacco mosaic virus as a building block for 2D scaffold generation 
Plant viral nanoparticles are meta-stable, readily available, monodispersed, and 
structurally uniform bionanoparticles. Such plant derived viral particles have gained great 
interest in nano- and biomedical applications. Tobacco mosaic virus (TMV) is among the 
most commonly used plant virus, having a rod-shape measuring 300 nm in length with a 
diameter of 18 nm (Figure 3.1A). The viral capsid consists of 2130 identical coat protein 
subunits assembled in a helical structure around the single stranded genomic RNA. The 
production of TMV is cost effective and the resulting viral particles are highly uniform in 
size. TMV nanoparticles have been demonstrated as powerful building blocks that can be 
efficiently functionalized via both genetic [1-3] and chemical [4, 5] modifications. Due to 
its identical subunits and regular structure, the same modification occurs on each 
individual subunit to yield a polyvalent and monodispersed display of ligands within a 
single TMV particle. 
 Furthermore, TMV has been shown to be an effective scaffold that accelerates 
bone differentiation of stem cells when coated on a 2D substrate and provides support for 
cell differentiation in 3D alginate hydrogels [6-9]. While the underlying mechanism is 



































ng the blue 




























ank. The  
he tyrosine
 blue while 
 of TMV 








protein 2 (BMP2), was significantly increased within 24 hours for cells cultured on 
substrates with TMV coating compared to cells cultured on uncoated substrates or cells 
supplemented with TMV in suspension [9]. One possible interpretation of this 
observation is that the topographical features created by TMV coating, compared to TMV 
in solution, plays a major role in the accelerated osteogenic differentiation. It has been 
previously recognized that cellular processes, such as adhesion, migration, proliferation, 
and apoptosis, could be influenced by biochemical and biophysical cues from the 
surrounding microenvironment [10]. For example, the nanoscale roughness of titanium 
surface implant can positively affect implant integration and bone differentiation [11-14]. 
In addition, the incorporation of growth factors [15-18], adhesion ligands [19-21], and 
osteoinductive compounds [22-25] into biomaterial surface can further accelerate the 
bone formation process. Given the lack of affinity of native TMV viral particles to 
mammalian cell surface, which resulted in low initial cell adhesion [9], we hypothesized 
that combining the topological features offered by TMV with cellular adhesion molecules 
could synergistically enhance the bone formation process of stem cells. 
  
3.1.2 RGD incorporation to display a multivalent adhesive ligand 
The tripeptide arginine-glycine-aspartic acid (RGD) present in many adhesive proteins in 
the ECM is a well-known general cell recognition motif via the cell surface integrin 
receptors [26]. These proteins include fibronectin, vitronectin, osteopontin, collagen, 
thrombospondin, fibrinogen, and von Willebrand factor [26]. Generally, the incorporation 
of RGD sequence into artificial scaffolds increases initial cell adhesion to the scaffold 
and cell spreading, thus improving tissue regeneration process. The spacing between 
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RGD motifs needs to be less than 440 nm to mediate fibroblast adhesion and spreading, 
and less than 140 nm to mediate focal adhesion assembly [27]. In another study, it was 
discovered that the RGD cluster spacings have a threshold less than 60 nm in order for 
NR6 fibroblasts to form focal adhesion and stress fiber [28]. Moreover, the threshold 
spacings are lower (closer) if there is less RGD clustering. In other words, at the same 
surface RGD density, the surface with RGD clusters present would provide greater cell 
adhesion strength [28]. Another study illustrated that integrin-mediated signalling 
requires RGD spacing of less than 58 nm [29]. A more recent study showed that focal 
adhesion complexes between cell-membrane integrins and cytoskeleton, responsible for 
signal transduction from external stimuli to the cell, were formed when RGD spacing is 
less than 44 nm in endothelial cells [30]. Specifically in the case of osteogenesis, there 
are several studies illustrating that the incorporation of RGD sequence into biomaterials 
improved bone differentiation and regeneration [20, 21, 31-33]. Especially, it was 
recently emphasized that a local clustering of RGD ligands is more essential than global 
RGD density [34, 35]. This clustering effect is believed to occur at an integrin-binding 
spacing less than an integrin itself, which has a size of 8-12 nm. 
 
3.1.3 Bioconjugation via CuAAC reaction 
Many viral nanoparticles have been employed to achieve RGD-displaying clustering, 
such as M13 bacteriophage [36-40], Cowpea mosaic virus [41], Turnip yellow mosaic 
virus [42, 43], including genetically modified TMV with RGD peptides [2, 8, 44]. In this 
study, we explore the feasibility of TMV functionalization with the copper catalyzed 
alkyne-azide cycloaddition (CuAAC) reaction to display RGD peptides and the influence 
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of RGD-presenting TMV, where RGD clustering is present (RGD spacing of 2-4 nm) 
(Figure 3.1B), on the osteogenic potential of bone marrow derived mesenchymal stem 
cells (BMSCs). 
 
3.2 RESULTS AND DISCUSSION 
3.2.1 TMV bioconjugation 
The tyrosine residues (Y139) of TMV are viable for chemical ligation using electrophilic 
substitution reaction at the ortho-position of the phenol ring with diazonium salts [5]. 
TMV subunits are assembled in a highly regular helical structure, which resulted in 
uniform spacing between each subunits down to a nanometer scale. From coordinates 
provided by Protein Data Bank, the distance between neighboring Y139 residues of TMV 
coat proteins is calculated to be 2-4 nm apart as shown in Figure 3.1B. The CuAAC 
reaction has been confirmed to be a very efficient way to display functional groups on 
TMV in a controllable manner [4]. Following the reported protocol [4, 5], we first 
prepared the alkyne derived TMV particles (Figure 3.1C).  MALDI-TOF MS analysis 
confirmed that >95% of the TMV capsid monomers were converted into TMV-alkyne 
(Figure 3.2A), consistent with a previous report [2]. MALDI-TOF MS analysis showed 
the correct mass shift for TMV-RGD indicating the CuAAC reaction was successful, 
(Figure 3.2A). The integrity of TMV-RGD was confirmed by AFM and TEM (Figure 
3.2B). AFM images illustrated that the majority of TMV-RGD remained rod-shaped 
particles after the bioconjugation. The diameter observed under TEM ranged from 15-20 
nm with lengths measuring approximately 300 nm, indicating the particles are intact after 
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3.2.2 BMSC adhesion on TMV and TMV-RGD 
The effect of RGD-displaying TMV, as a polyvalent scaffold, on bone differentiation was 
explored. It has been demonstrated that unmodified TMV substrate accelerated 
osteogenesis by 7 days compared to standard tissue culture polystyrene (TCPS) control 
[6]. The chemical incorporation of phosphate functional groups to TMV further enhanced 
bone differentiation of BMSCs [7]. However, the interaction between BMSCs and TMV 
substrates were weak since the focal adhesion complexes were found to be significantly 
smaller than the control [9]. Since RGD ligand is known to promote cell attachment, the 




Prior to cell culture experiments, TMV and TMV-RGD were dialyzed several times 
against ultrapure water, due to concerns that residual CuI from the CuAAC reaction will 
affect cell viability. Optical images after 24 hours of cell seeding in Figure 3.3A revealed 
that BMSCs can adhere and spread on both TMV and TMV-RGD substrates. There were 
slightly more cells visualized on TMV-RGD compared to TMV coated surface. The 
numbers of adherent cells were calculated to elucidate the result in a quantitative manner 
(Figure 3.3B). As expected, the average cell numbers on TMV-RGD was higher than that 
of TMV. To verify that TMV-RGD does not have cytotoxicity from residual CuI, the 
proliferation of BMSCs on both virus scaffolds was examined over 22 days in osteogenic 
conditions (Figure 3.3C). The proliferation percentage of each sample was calculated 
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both virus substrates, thus TMV-RGD did not exhibit any cytotoxicity to the in vitro cell 
culture. 
 
3.2.4 Osteogenic potential of BMSCs on virus substrates 
The differentiation potential of BMSCs was studied in order to substantiate the effect of 
RGD incorporation on osteogenesis. First, osteo-specific gene expression levels were  
quantified by RT-qPCR (Figure 3.4A). The expression levels are presented as fold 
change compared to BMSCs at day 0. There was no significant difference in the gene 
expression levels of alkaline phosphatase (ALPL), osteonectin (SPARC), and osteopontin 
(SPP1) over the three weeks. Another osteo-specific gene examined is osteocalcin 
(BGLAP), the most common marker of mature osteoblast, as this protein is only 
synthesized by fully-differentiated osteoblasts [45]. BGLAP is rich in acidic amino acids 
that are responsible for its high affinity to calcium ions [45], which are eventually 
accumulated in mineralized bone matrix by binding specifically to hydroxyapatite 
crystals [46]. It has been documented that BGLAP, which is normally peaked at day 21 
on standard tissue culture plate substrate, is peaked at day 14 when BMSCs are grown on 
TMV scaffold, suggesting that TMV substrates accelerate the bone differentiation 
process by 7 days [6]. The gene expression analysis of BMSCs on unmodified TMV 
scaffolds in Figure 3.4A was in agreement with the previous report [6], where BGLAP 
gene expression level was peaked at day 14 indicating a complete mineralization of 
mature osteoblasts. As a comparison, the incorporation of RGD peptide into TMV 
subunits also significantly increased BGLAP gene expression level at day 14 (Figure 
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ECM protein required for hydroxyapatite formation as well as collagen binding in 
mineralized tissues [47], was also evaluated. IBSP is synthesized just before calcification 
[45] and real time PCR results from the previous study indicated that BMSCs on TMV 
substrates had significantly higher IBSP mRNA expression within 24 hours while there 
was no change in IBSP mRNA expression levels in BMSCs on TCPS control [9]. In this 
experiment, IBSP expression levels in cells on both TMV and TMV-RGD were highly 
upregulated during the culture period (Figure 3.4A). However, BMSCs grown on TMV-
RGD scaffolds expressed higher level of IBSP mRNA at day 21 when compared to those 
on native TMV scaffolds at the same time (Figure 3.4A). 
In addition to the analysis of osteo specific gene expressions, alkaline phosphatase 
(ALP) activity was assessed. ALP is an early marker of osteogenesis and its activity 
mediates matrix mineralization. Although there was no difference in ALPL mRNA 
expressions at day 14 for cells grown on TMV compared to those on TMV-RGD as 
shown in Figure 3.4A, ALP enzyme activity assay showed a slight increase in BMSCs 
grown on TMV-RGD (Figure 3.4B). The staining for calcium deposition was also 
performed at day 14. A stronger staining was observed on TMV-RGD samples 
suggesting higher mineralization level (Figure 3.4C). This observation could be 
supported by previously mentioned increases in both BGLAP and IBSP mRNA 
expression levels (Figure 3.4A), possibly facilitating the formation of hydroxyapatite 







The results demonstrate the feasibility of modulating mesenchymal stem cell 
differentiation on TMV-based scaffolds modified by CuAAC reaction. TMV was 
successfully modified with more than 95% conversion and the integrity of the virus 
particles was preserved. Scaffolds coated with TMV-RGD slightly improved initial 
BMSC adhesion, while maintaining the same cell proliferation rate with those coated 
with native TMV. The osteogenic differentiation of BMSCs was enhanced on TMV-RGD 
substrates since an increase in BGLAP and IBSP gene expression levels as well as 
mineralization level was observed. Future studies will focus on controlling ligand density 
and using a variety of ligands including small molecules and other peptides on viral 
scaffold to study structure-property relationship and modulate cell behaviour. It is also 
important that a recent development of copper-free Click reaction [48] may provide an 
alternative approach to chemically modify TMV without a concern about CuI 
contamination. 
 
3.4 EXPERIMENTAL SECTION 
3.4.1 TMV isolation, bioconjugation and characterization 
TMV was isolated and purified according to a protocol previously reported [6, 7]. The 
schematic representation of TMV bioconjugation is shown in Figure 3.1C. The RGD-
azide peptide was synthesized using solid-phase peptide synthesis. The peptides were 
purified with FPLC and characterized by LC/ESI mass spectrometry. The CuAAC 
reaction to modify tyrosine residues on the exterior surface of TMV is performed 
according to protocols established by Schlick et al.[5] and Bruckman et al. [4] with slight 
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modifications. Briefly, diazonium salt was synthesized as published previously [5]. TMV 
was treated with the diazonium salt generated in situ from 3-ethynylaniline at 4°C in a pH 
9.0 buffer solution to form alkyne grafted TMV particle. Copper(I) catalyzed azide-
alkyne cycloaddition (CuAAC) reaction was used to conjugate RGD-azide peptide to 
TMV particle [49]. The CuAAC reaction was done with concentration of TMV-alkyne at 
3 mg/mL and peptide-azide at 2 mg/mL in Tris HCl buffer (10 mM, pH 7.8). After 1 hour 
incubation at room temperature, TMV-RGD was purified via a 10-50% sucrose gradient 
from which the light scattering region was collected. The modified virus was then 
pelleted using ultracentrifugation at 160,000 g for 2.5 hours at 4 ˚C. The pellet was 
dissolved in potassium phosphate buffer (10 mM, pH 7.4). MALDI-TOF mass 
spectrometry was used to confirm the modifications. The integrity of modified TMV 
particles was confirmed by AFM and TEM. The virus solutions were dialyzed against 
water prior to substrate coating. 
 
3.4.2 Preparation of virus coated substrates 
For cell culture experiments, 3-aminopropyltriethoxysilane (APTES) coated slides (Lab 
Scientific Inc.) were cut into 1.5 cm2 wafers. The wafers were washed with ethanol 
before use. For virus coating, each wafer was coated with 0.2 mL of 0.2 mg/mL TMV or 
TMV-RGD solution diluted in water and the coated substrates were dried overnight in a 
sterile biosafety cabinet. The virus coverage on the wafers was characterized using 
tapping-mode AFM images using a NanoScope IIIA MultiMode AFM (Veeco). Si tips 
with a resonance frequency of approximately 300 kHz, a spring constant of about 40 N 
m-1 and a scan rate of 1.0 Hz were used. 
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3.4.3 BMSC isolation and expansion 
Primary BMSCs were isolated from the bone marrow of young adult 80 g male Wister 
rats (Harlan Sprague Dawley, Inc.). The procedures were performed in accordance with 
the guidelines for animal experimentation by the Institutional Animal Care and Use 
Committee, School of Medicine, University of South Carolina. Cells were maintained in 
growth medium (DMEM supplemented with 10% fetal bovine serum (FBS), penicillin 
(100 U/mL), streptomycin (100 µg/mL) and amphotericin B (250 ng/mL)) and passaged 
no more than four times after isolation. To induce osteogenesis, growth media was 
replaced with osteogenic media consisting of DMEM supplemented with 10% FBS, 
penicillin (100 U/mL), streptomycin (100 µg/mL), amphotericin B (250 ng/mL), 10 mM 
sodium β-glycerophosphate, L-ascorbic acid 2-phosphate (50 µg/mL) and 10-8 M 
dexamethasone. Media was replenished every 3-4 days. 
 
3.4.4 Cell proliferation 
Substrates coated with TMV and TMV-RGD were seeded with 4 × 104 cells per substrate 
and cells were allowed to attach overnight in growth media. The media was then replaced 
with osteogenic media and cultured for 22 days. CellTiter Blue® assay (Promega) was 
used to determine number of cells at 0, 2, 4, 9, 12, 16, and 22 days after osteogenic 
induction. Cell proliferation was determined by normalizing CellTiter Blue fluorescence 






3.4.5 Quantitative real-time RT-PCR analysis 
Virus coated wafers were seeded with 4 × 104 cells per wafer and cells were allowed to 
attach overnight in growth media. The unseeded cells were used as a control to normalize 
the change in gene expression. The media was replaced with osteogenic media and 
cultured for 7, 14, and 21 days. The cell cultures were terminated at these time points and 
total RNA was extracted using RNeasy mini purification kit (Qiagen). The quality and 
quantity of the extracted RNA was analyzed using Bio-Rad Experion (Bio-Rad 
Laboratories) and was reverse transcribed by using qScript™ cDNA Supermix (Quanta 
Biosciences). RT-qPCR (iQ5 real-time PCR detection system Bio-Rad Laboratories) was 
done by the method described as: 60 cycles of  PCR ( 95˚C for 20s, 58˚C for 15 s, and 
72˚C for 15s), after initial denaturation step of 5 minutes at 95˚C, by using 12.5 µL of 
iQ5 SYBR Green I Supermix, 2  pmol/µL of each forward and reverse primers and 0.5 
µL cDNA templates in a final reaction volume of 25 µL. Glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH) was used as the housekeeping gene. Data collection was 
enabled at 72˚C in each cycle and CT (threshold cycle) values were calculated using the 
iQ5 optical system software version 2.1. The expression levels of differentiated genes and 
undifferentiated genes were calculated using Pfaffl’s method (M.W. Pfaffl, G.W. Horgan 
and L. Dempfle, Relative expression software tool) for group-wise comparison and 
statistical analysis of relative expression results in real-time PCR, using GAPDH as the 
reference gene. Quantification of gene expression was based on the CT value for each 
sample which was calculated as the average of three replicate measurements for each 
sample analyzed. “Pair Wise Fixed Reallocation Randomization Test” was performed on 
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each sample and a value of p < 0.05 was regarded as significant. The primers used for 
RT-qPCR are shown in Table 3.1. 
 
3.4.6 Alkaline phosphatase activity 
After 14 days in osteogenic cultures, CellTiter Blue® assay (Promega) was used to 
determine number of cells in each sample one hour prior to cell fixation. BMSCs seeded 
on TMV and TMV-RGD were fixed with 4% paraformaldehyde for 15 minutes at room 
temperature. To determine alkaline phosphatase (ALP) activity, each fixed samples were 
incubated in 500 µL of 1-StepTM p-nitrophenyl phosphate solution (Thermo Scientific) 
for 15 minutes at room temperature. Then the solution was transferred to a new 
microfuge tube with 250 µL of 2 N NaOH and the absorbance at 405 nm was measured. 
The measured ALP activity from each sample was normalized to the corresponding cell 
number. 
 
3.4.7 Alizarin red staining 
To visualize calcium deposition and to confirm osteogenic differentiation, fixed samples 
at day 14 were stained with 0.1% Alizarin red solution (Sigma-Aldrich) pH 4.1-4.5 for 30 




Table 3.1 Primers used for RT-qPCR to measure gene expression levels. ALPL: alkaline 
phosphatase; BGLAP: osteocalcin; IBSP: integrin-binding sialoprotein; SPARC: 
osteonectin; SPP1: osteopontin. 
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MANIPULATION OF TMV STRUCTURE ON 2D SURFACE TO STUDY THE EFFECTS 
ON BONE DIFFERENTIATION 
4.1 INTRODUCTION 
4.1.1 Bone marrow derived mesenchymal stem cells 
Stem cell fate is dependent on the surrounding stimuli, including both soluble and 
insoluble factors. How stem cells respond to different nanoscale cues has been 
extensively studied for tissue engineering and regenerative medicine applications [1-4]. 
There are several reports indicating that stem cell differentiation can be dictated at the 
nanometer level [5-14]. Bone marrow derived mesenchymal stem cells (BMSCs) are 
from the non-hematopoietic sub-population of bone marrow stroma [15-17], which have 
the ability to self-renew and differentiate to various lineages, such as adipocytes, 
osteocytes, chondrocytes, hepatocytes, neurons, muscle cells, and epithelial cells [17-22]. 
The pluripotent potential of BMSCs, ease of isolation, rapid expansion [23], and less 
controversial use than embryonic stem cells make this cell type an ideal source of adult 
stem cells to study material-mediated differentiation. 
 
4.1.2 Plant virus-based substrate accelerates osteogenesis 
Recently, we have reported accelerated osteogenic differentiation for BMSCs grown on 
plant virus coated substrates in comparison to cells cultured on conventional tissue 
culture plastic (TCP) [24, 25]. Two different plant viruses were employed in those  
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studies, i.e. spherical Turnip yellow mosaic virus (TYMV) and rod-like Tobacco mosaic 
virus (TMV). In both situations, several key mRNA markers associated with bone 
differentiation peaked at day 14 for cells on virus-coated substrates, whereas the cells on 
conventional plates required an additional 7 days to reach similar expression profiles [24, 
25]. Moreover, immunohistochemical staining for osteoblastic specific differentiation 
markers, osteocalcin, osteonectin, and osteopontin, had supported the gene expression 
profiles on day 14. The expression of such osteogenic markers were further enhanced 
upon chemically modifying the virus with phosphates as indicated by increased Ca2+ 
mineralization and even higher mRNA expression levels of osteocalcin [26]. More 
importantly, our recent report illustrated that the roughness of TMV-coated substrate 
induced an early upregulation of endogenous levels of bone morphogenetic protein-2 
(BMP2), which is the most potent bone inducing agent, through the disruption of actin 
and the reduction in focal adhesion size [27].  
 
4.1.3 Tobacco mosaic virus for substrate coating 
TMV is a rod-shaped particle measuring 300 nm in length with a diameter of 18 nm. The 
shape of the plant virus resembles the size scales of fibrillar extracellular matrix (ECM) 
protein, such as collagen. The viral capsid consists of 2130 identical coat protein subunits 
assembled in a helical structure around the single stranded genomic RNA. The 
production of TMV is cost effective and the resulting viral particles are highly uniform in 
size. The ability of TMV to be easily and uniformly manipulated via chemical [26, 28, 
29] and genetic modifications [30-32] has gained traction as novel biomaterials for 
potential tissue engineering applications [33-38]. Herein, we attempt to manipulate TMV 
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nanostructure in order to study the nano-scale roughness effect on osteogenesis of 
BMSCs. The results suggested that nanorod structure of TMV is important to induce 
BMP2 upregulation. 
 
Besides the nano-scale roughness generated from TMV coating, it is important to 
keep in mind that the native rod-like structure of TMV contains phosphate groups from 
its genomic RNA and calcium ion (Ca2+)-binding sites at the carboxyl cage between the 
RNA and the vertical helix of TMV coat protein (CP) present at the interior surface of the 
virus [39]. These distinct chemical properties of TMV may facilitate the bone 
mineralization, which are the formation of calcium phosphate crystals, and could 
contribute to the accelerated bone formation observed previously [25, 27]. By removing 
the RNA of TMV in order to disassemble TMV particles into CP subunits, the 
contribution of RNA phosphate groups on osteogenic differentiation can be excluded. 
Furthermore, it has been documented that the Ca2+-binding capability of TMV is 
decreased when the dissociated TMV CPs formed the double-disk aggregate, due to the 
protein conformational change making the carboxyl cage unstable [40]. The helical 
aggregate of the isolated TMV CP can only preserve  the Ca2+-binding site at its iso-ionic 
point (pH 4.3-4.6) [41, 42]. Therefore, under cell culture conditions (pH higher than the 
iso-ionic point of TMV), TMV CP aggregate would not be able to bind Ca2+. 
 
4.2 RESULTS AND DISCUSSION 
4.2.1 Preparation of TMV coat protein 
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The structure of TMV can be manipulated based on ionic strength and pH of solvent[43] 
and it has been summarized by Klug et al. [44]. Firstly, TMV whose structure is 
stabilized by its internal RNA was broken apart into CP in acetic acid and RNA was 
removed. Then TMV CP was suspended in either 10 mM Tris-HCl buffer (TMV CP in 
Tris) or water (TMV CP in water). Figure 4.1 presents AFM and TEM images of native 
TMV compared to TMV CP in Tris and TMV CP in water. Native TMV showed rod-
shape nanoparticles with an average length of 300 nm, whereas TMV CP in Tris showed 
individual CP subunits without assembly and TMV CP in water showed long nanofibers 
with lengths more than 1 µm. 
 
4.2.2 BMSC morphologies on different virus structures 
The morphological differences of BMSCs on TCP, silanized glass with or without TMV 
of different structures were imaged at day 14 after seeding. BMSCs grown in osteogenic 
media all showed calcium nodule formation while those grown on TCP in growth media 
did not (Figure 4.2). The morphological images were not sufficient to distinguish 
osteogenic potential of substrates coated with different TMV structures. 
 
4.2.3 Osteo-specific gene expressions 
The ability of TMV substrate to accelerate osteogenesis of BMSCs from 21 days to 14 
days has been documented previously [24]. Osteogenic gene markers were studied to 
study osteogenic potential of TMV with different nanostructure. BGLAP, or osteocalcin, 
is a marker of mature osteoblast. As expected, cells on native TMV coating showed the 





Figure 4.1 TMV structures visualized by AFM (a-c) and TEM (d-f): native TMV (a, d), 
TMV CP in Tris (b, e), and TMV CP in water (c, f). The AFM scanning size is 5 µm × 5 
µm for (a) and 1 µm × 1 µm for (b, c). The scale bars represent 200 nm for (d, f) and 20 





Figure 4.2 Differential interference contrast (DIC) images of BMSCs on TCP, silanized 
glass and TMV substrates at day 14 after seeding. All culture was in osteogenic media, 




not show an increase in BGLAP expression level (Figure 4.3). BMSCs on TMV CP in 
Tris and TMV CP in water had a slight increase in BGLAP expression, but not as high as 
native TMV (Figure 4.3). In addition to increased BGLAP, mRNA levels for integrin-
binding sialoprotein (IBSP), a secreted extracellular matrix protein required for 
hydroxyapatite formation, increased in all samples compared to uninduced BMSCs on 
TCP control (Figure 4.3). IBSP expression level was the highest in BMSCs on native 
TMV, suggesting that the rod-shape nanostructure of TMV plays a major role in 
improving bone regeneration process. There was no difference in osteopontin (SPP1) 
mRNA levels at day 14 after osteo-induction. It was hypothesized that TMV CP in water 
would result in a similar effect to native TMV because it formed long nanofibers, 
however it didn’t behave the same way as intact TMV. 
 
4.2.4 Instability of TMV CP reassembled in water 
The stability of virus coating with native TMV, TMV CP in Tris, and TMV CP in water 
were tested since gene expression experiment was unexpected. The surface coating of 
TMV and TMV CP in Tris remained the same after incubation in phosphate buffered 
saline (PBS) at cell culture conditions for 24 hours (Figure 4.4). However, the surface 
topography of TMV CP in water changed after PBS incubation, indicating that the 
reassembled TMV CP nanofibers without RNA could disassemble even after coated on 
silanized glass (Figure 4.4). This instability of TMV CP in water explained the 






Figure 4.3 RT-qPCR analysis for osteo-specific gene expression of BMSCs under 






Figure 4.4 AFM images representing coating of different TMV structures before and after 







4.2.5 Thermal denaturation of TMV in water to form spherical nanoparticles 
(SNPs) 
Recently, it has been demonstrated that TMV is able to change shape from nanorods into 
SNPs by thermal denaturation [45]. However, it was not well documented which solvent 
was used during the denaturation process. Here, TMV was suspended in either 0.1 M 
Kphos pH 7.8 or water at different virus concentrations to identify conditions in which 
SNPs can be generated. Figure 4.5 showed that SNPs were only formed when TMV was 
suspended in water. The size of SNPs was not depending on the virus concentration 
because AFM and DLS showed the same size of SNPs at all virus concentrations. Viral 
nanoparticles were visualized with TEM (Figure 4.6). 
 
4.2.6 Stability of TMV SNP for cell culture experiment 
The stability of TMV SNP coating was tested by incubating in PBS at cell culture 
conditions and AFM was performed to check the coating surfaces before and after PBS 
incubation. From Figure 4.7, it could be seen that SNPs were still on the surface after the 
incubation, which confirmed the coating stability. 
 
4.2.7 BMSC morphologies at 24 hours after seeding 
BMSCs exhibited different morphologies upon attaching onto TCP, silane, TMV, TMV 
CP, and TMV SNP at 24 hours after seeding. Cells attached well and spread out on TCP, 
silane, and TMV CP, which are flat and smooth (Figure 4.8). On the other hand, cells on 
TMV showed the formation of nodules as reported previously [27]. Surprisingly, TMV 





Figure 4.5 AFM images representing thermal denatured TMV in 0.1 M Kphos pH 7.8 
(top row) and TMV in water (bottom row) at different virus concentrations; 0.1-0.2 
mg/mL, 1 mg/mL, and 5 or 10 mg/mL. Thermal denaturation of TMV in water result in 
the formation of SNPs. The scan size is 2 µm × 2 µm. The height profiles are 20 nm for 







Figure 4.6 TEM images of native TMV nanorods and TMV SNP generated in water. The 







Figure 4.7 AFM images of TMV SNP coating on silane glass before and after incubation 






spreading (Figure 4.8). It is believed that too high surface roughness is not optimal for 
adhesion of certain cell types. The osteogenic potential of BMSCs on TMV SNP 




TMV nanostructure can be manipulated by reassembling TMV CP in solvents with 
different ionic strength and pH. TMV CP is kept in individual subunits when dissolved in 
salt buffer with pH higher than 8.0 and it reassembled into long nanofibers when 
reducing ionic strength and lower pH (e.g. water). Since this assembling process is 
reversible, the coating of TMV CP in water was not stable in PBS and cell culture 
conditions, resulting in similar cellular responses to TMV CP in Tris. Moreover, TMV 
nanorods can be transformed into SNPs by thermal denaturation. SNPs were generated 
with homogenous size distribution in water, not depending on virus concentration. The 
coating of TMV SNPs was confirmed to be stable for cell culture experiment, however, 







Figure 4.8 Differential interference contrast (DIC) images of BMSCs on TCP, silanized 
glass (silane), TMV, TMV CP in Tris (TMV CP), and TMV SNP substrates at 24 hours 





4.4 EXPERIMENTAL SECTION 
4.4.1 TMV Isolation 
TMV was isolated and purified according to a protocol previously reported [24, 26]. 
 
4.4.2 TMV CP isolation 
Two volumes of concentrated acetic acid were added to 1 volume of 10-30 mg/mL of 
TMV in 10 mM potassium phosphate buffer pH 7.4. The mixture was incubated on ice 
for 15 minutes and RNA was pelleted down at full speed at 4˚C for 10 min. The 
supernatant was further desalted into 1% acetic acid by FPLC using Sephadex G-25 
(Sigma Aldrich) column. Then 1 mL aliquots of 100 mM Kphos pH 7.4 were added to 
the collected TMV CP fraction until the solution became cloudy. The solution was 
incubated at 4˚C for 1-2 hours and then TMV CP precipitate was pelleted down at 15,000 
g at 4˚C for 10 minutes. TMV CP pellet was resuspended in 0.1 M potassium hydroxide 
with 10 mM dithiothreitol and dialyzed against 100 mM Tris-HCl pH 8.0 or water at 4˚C 
overnight.  
 
4.4.3 Generation of TMV SNP 
Native TMV was diluted in either 0.1 M Kphos buffer pH 7.8 or water at concentrations 
of 0.1, 0.2, 1, 5, 10 mg/mL. The virus solutions were heated at 98°C for at least 10 
minutes as previously reported [45]. The cloudy solutions were obtained, but the 






4.4.4 Virus coating and imaging 
APTES coated slides (Lab Scientific Inc.) were cut into 1.5 cm2 wafers and were 
sterilized with ethanol before use. For surface coating, the wafers were coated with 0.2 
mg/mL TMV, TMV SNP, or TMV CP diluted in water or 10 mM Tris-HCl pH 8.0 
buffer. The coated substrates were dried overnight in a sterile biosafety cabinet. The virus 
coverage on the wafers was characterized using tapping-mode atomic force microscope 
(AFM) images using a NanoScope IIIA MultiMode AFM (Veeco). Si tips with a 
resonance frequency of approximately 300 kHz, a spring constant of about 40 N m-1 and a 
scan rate of 0.5 Hz were used. TMV nanoparticles were stained with 2% uranyl acetate 
and visualized by transmission electron microscope (TEM). 
Wafers coated with TMV, TMV CP in Tris, and TMV CP in water were 
incubated in PBS at 37°C for 24 hours. Before AFM imaging to check stability of virus 
coating, the wafers were washed with water and dry with nitrogen stream. 
 
4.4.5 BMSC isolation and expansion 
Primary BMSCs were isolated from the bone marrow of young adult 80 g male Wister 
rats (Harlan Sprague Dawley, Inc.).  The procedures were performed in accordance with 
the guidelines for animal experimentation by the Institutional Animal Care and Use 
Committee, School of Medicine, University of South Carolina. Cells were maintained in 
growth medium (DMEM supplemented with 10% fetal bovine serum (FBS), penicillin 
(100 U/mL), streptomycin (100 µg/mL) and amphotericin B (250 ng/mL)) and passaged 
no more than four times after isolation. To induce osteogenesis, growth media was 
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replaced with osteogenic media consisting of DMEM supplemented with 10% FBS, 
penicillin (100 u/mL), streptomycin (100 µg/mL), amphotericin B (250 ng/mL), 10 mM 
sodium β-glycerolphosphate, L-ascorbic acid 2-phosphate (50 µg/mL) and 10-8 M 
dexamethasone. Media was replenished every 3-4 days. 
 
4.4.6 Quantitative real-time RT-PCR analysis (RT-qPCR) 
TCP, APTES glass wafer (silane), silane coated with TMV, TMV CP in Tris, and TMV 
CP in water were seeded with 4.0 × 104 cells per wafer and allowed to attach overnight in 
growth media. The media is replaced with osteogenic media and cultured for 14 days, 
except some TCP samples were kept in growth media to be a control for normalization. 
The cell cultures were terminated at this time point and total RNA was subsequently 
extracted using (RNeasy mini purification kit, Qiagen). 
 The quality and quantity of the extracted RNA was analyzed using Bio-Rad 
Experion (Bio-Rad Laboratories) and was reverse transcribed by using qScript™ cDNA 
Supermix (Quanta Biosciences). RT-qPCR (iQ5 real-time PCR detection system Bio-Rad 
Laboratories) was done by the method described as: 60 cycles of  PCR ( 95°C for 20s, 
58°C for 15 s, and 72°C for 15s), after initial denaturation step of 5 minutes at 95°C, by 
using 12.5 µL of iQ5 SYBR Green I Supermix, 2  pmol/µL of each forward and reverse 
primers and 0.5 µL cDNA templates in a final reaction volume of 25 µL. Glyceraldehyde 
3-phosphate dehydrogenase (GAPDH) was used as the housekeeping gene. Data 
collection was enabled at 72°C in each cycle and CT (threshold cycle) values were 
calculated using the iQ5 optical system software version 2.1. The expression levels of 
differentiated genes and undifferentiated genes were calculated using Pfaffl’s method 
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(M.W. Pfaffl, G.W. Horgan and L. Dempfle, Relative expression software tool) for 
group-wise comparison and statistical analysis of relative expression results in real-time 
PCR, using GAPDH as the reference gene. The primers used for RT-qPCR are shown in 
Table 4.1. The primers were synthesized commercially (Integrated DNA Technologies, 




Table 4.1 Primers used for RT-qPCR to measure gene expression levels. BGLAP: 
osteocalcin; IBSP: integrin-binding sialoprotein; SPP1: osteopontin. 
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OPTIMIZING TMV COATING ON POLYELECTROLYTE MULTILAYER FILMS 
5.1 INTRODUCTION 
5.1.1 Material-mediate differentiation of stem cells 
Stem cells have the ability to self-renew and differentiate into various lineages, such as 
adipocytes, osteocytes, chondrocytes, hepatocytes, neurons, muscle cells, and epithelial 
cells [1-6]. The fate determination is depicted by the surrounding microenvironment, 
including both soluble and insoluble factors. The property of culture substrates in vitro is 
one of the insoluble factors that can affect cellular responses. There are several reports 
indicating that stem cell differentiation can be dictated at the nanometer level [7-16]. 
Recently, we have reported accelerated osteogenic differentiation for stem cells grown on 
plant virus coated substrates in comparison to cells cultured on conventional tissue 
culture plastic (TCP) [17, 18]. Two different plant viruses were employed in those 
studies, i.e. spherical Turnip yellow mosaic virus (TYMV) and rod-like Tobacco mosaic 
virus (TMV). However, the preparation of plant virus substrates was based on 
evaporation of solvent during drying at room temperature, which resulted in 
uncontrollable and inhomogeneous surface.    
 
5.1.2 Layer-by-Layer deposition technique 
In order to generate an even monolayer of plant viral nanoparticle in a controllable and 
reproducible manner for future cell culture experiments, electrostatically driven layer-by- 
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layer deposition (LbL) was employed. The LbL technique has attracted much interest due 
to its simplicity, flexibility, and robustness [19]. The LbL assembly mechanism is 
complicated, and depends on several factors such as solvent quality [20], temperature 
[21, 22], salt concentration [23], pH [24], and polyelectrolyte charge density [25]. 
Polyelectrolytes are a group of macromolecules with properties of both polymers and 
electrolytes. The LbL technique was first used to form polyelectrolyte multilayer films 
(PEMs) in the early 1990s [19, 26], based on the fact that polycations and polyanions can 
interact and form polyelectrolyte complexes [27]. In this chapter, we demonstrate the 
effects of salt concentration and pH on TMV adsorption. Under salt-free conditions, PEM 
thickness and mass rise linearity with the number of deposited layers N, whereas at high 
salt conditions PEM thickness and mass increase exponentially with N [28]. The pH 
adjustment of polymer solutions causes a change in the degree of polymer functional 
group ionization, depending on the pKa of the polymer [24]. Since the deposition process 
is a surface charge dominated adsorption process, the pH adjustment of dipping solutions 
can change the thickness of PEM layers. Therefore, the addition of salt into polymer 
solutions and the pH adjustment to near the isoelectric point (pI) of the polymer solution 
should increase the amount of TMV adsorbed. The chemical structures of polymers used 
in this chapter are presented in Figure 5.1. 
 
5.2 RESULTS AND DISCUSSION 
5.2.1 TMV on PDDA with salt was more stable than TMV on (PDDA/PSS)3.5 
Firstly, we tested two strong polyelectrolytes, poly(dimethyldiallylammonium chloride) 










polycation coating is required to reverse the surface charge of the glass substrate from 
negatively charged to positively charged. One sample was only 1 layer of PDDA with 2 
M NaCl and another was (PDDA/PSS)3.5 without salt. Freshly prepared samples with 
TMV top layer on these two samples showed similar topography using AFM (Figure 5.2 
a, d). TMV was adsorbed with full coverage on both PEM surfaces because PDDA is a 
strong polycation and TMV is negatively charged at neutral pH. However, after an 
incubation in PBS for 1 and 2 days at cell culture conditions to test the surface stability 
TMV on PDDA with NaCl remained (Figure 5.2 b, c) while TMV on (PDDA/PSS)3.5 was 
mostly washed out from PEMs (Figure 5.2 e, f). The results indicated that the addition of 
salt to dipping solution increases the binding strength of TMV onto PEMs. The effect is 
very strong even with just one layer of PDDA. 
Since PBS (approximately 150 mM) has much lower ionic strength compare to 2 
M NaCl, PDDA solution was adjusted down to 100 mM NaCl in order to improve PEMs 
biocompatibility. Surface topography of TMV on PDDA with 100 mM NaCl was imaged 
by AFM (Figure 5.3 a) and it resembled that of PDDA with 2 M NaCl in Figure 5.2 a. 
This suggested that the concentration of salt did not affect TMV adsorption on PDDA. To 
confirm its stability, the surface was incubated in cell culture medium under cell culture 
conditions and imaged by AFM after 1 day. TMV was still visible on PDDA surface after 
medium incubation (Figure 5.3 b). However, this material showed poor biocompatibility 










Figure 5.2 AFM images of PEMs assembled from PDDA and (PDDA/PSS)3.5. PDDA assembled in the 
presence of 2 M NaCl and then TMV before (a) and 1 day (b) and 2 days (c) after PBS incubation. 
(PDDA/PSS)3.5 without salt and then TMV before (d) and 1 day (e) and 2 days (f) after PBS incubation. The 





Figure 5.3 AFM images of TMV on PDDA with 100 mM NaCl before (a) and after (b) 1 




5.2.2 Coating of TMV on PAH at different pH values 
A strong polycation PDDA was switched to poly(allylamine hydrochloride) (PAH) in 
order to improve biocompatibility for a future stem cell culture experiment. To further 
simplify the surface fabrication for cell culture, the direct coating of PAH on TCP was 
optimized by investigating the effect of PAH solution at different pH values ranging from 
4.0 to 13.0 on TMV adsorption. From AFM images, TMV particles were visible on PAH 
on TCP, while TMV did not stick to TCP surface without PAH coating (Figure 5.4 a). 
The coverage of TMV on PAH at pH 11.0 and 13.0 was more than that at pH 4.0. To 
quantify the amount of TMV on PAH surface, the interior of TMV particles was 
modified with fluorescein and the fluorescent intensity was measured for each sample. 
The fluorescent intensity was the highest for PAH at pH 11.0 (Figure 5.4 b). 
 
5.2.3 Varying ionic strength and pH of TMV solution 
TMV adsorption is not only affected by the pH of PAH solution, but also ionic strength 
and pH of TMV solution itself. For this study, PAH was coated at a fixed pH of 5.0, 
which is the pH of PAH solution in water without any further pH adjustment. Five 
different conditions of TMV solutions varying in ionic strengths and pH values were 
tested. These included water, 10 mM Kphos buffer (pH 5.0 or 8.0), and 100 mM Kphos 
buffer (pH 5.0 or 8.0). AFM images revealed that there was little to no TMV particles 
adsorbed when the virus is in water, while there was a full coverage of TMV on PAH 
when the virus was in either 10 or 100 mM Kphos buffer at pH 5.0 (Figure 5.5 a). An 
increase in ionic strength and a decrease in pH of TMV solution enhanced TMV 







Figure 5.4 TMV coverage on PAH coated on TCP at different pH’s. (a) AFM images of TMV on TCP 
or PAH at different pH’s (4.0, 11.0, and 13.0). All scan size is 10 µm × 10 µm. (b) TMV particles were 








Figure 5.5 TMV coverage of different solvent for TMV on PAH at pH 5.0. (a) AFM images of TMV on PAH at 
pH 5.0 by using TMV suspended in water, 10 mM Kphos buffer (pH 5.0 or 8.0), or 100 mM Kphos buffer (pH 
5.0 or 8.0). All scan size is 4 µm × 4 µm. (b) TMV particles were modified with fluorescein to the interior 
surface and coated on PAH at pH 5.0.
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When comparing AFM images of samples prepared from TMV solution with different 
salt concentrations but the same pH value, there was no obvious difference in the amount 
of TMV adsorbed. To quantify the actual amount of TMV present on each surface, TMV 
particles modified with fluorescein were used and fluorescent intensity was recorded for 
each sample. Figure 5.5 b indicated that TMV in 100 mM Kphos buffer pH 5.0 was 
adsorbed the most on PAH made from PAH solution at pH 5.0. This is because the pH of 
TMV solution determined the charge density of the previously adsorbed PAH layer [24]. 
PAH is more protonated at pH 5.0 compared to pH 8.0, and therefore induced a stronger 
electrostatic force towards TMV particles, which are negatively charged. Thus, the 
simplest and optimal PAH/TMV coating conditions are to use PAH at pH 5.0 and TMV 
solution in 100 mM Kphos buffer pH 5.0. It is necessary to test the film stability and 
biocompatibility before future stem cell culture experiments. There is a possibility of 
exploring natural polyelectrolytes, such as poly-L-lysine, poly-D-lysine, chitosan and 
alginate, instead of synthetic polyelectrolytes mentioned in this chapter for better 
biocompatibility of TMV-based film. 
 
5.3 CONCLUSION 
In this work, PEMs were fabricated via LbL technique in order to generate a stable and 
homogenous monolayer of TMV substrate for future cell culture experiments. Although 
PDDA and PSS, strong polyelectrolytes, resulted in a high amount of TMV adsorbed, 
they exhibited a poor biocompatibility with stem cells in vitro. Nonetheless, it was 
demonstrated that the addition of salt to PDDA solution enhanced the PDDA/TMV film 
stability greatly. The PEM fabrication using PAH was explored in order to increase the 
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biocompatibility, and the PEM was generated directly on TCP surface to simplify a 
production of cell culture material. The pH increase of PAH solution to 11.0 showed to 
significantly increase TMV adsorption compared to that of lower pH values and uncoated 
TCP. Moreover, the salt concentration and pH of TMV solution could be adjusted to 
further improve the virus coating. The addition of salt into virus solution increased the 
amount of TMV adsorbed on PAH made at a fixed pH of 5.0. The lower pH value of 5.0 
also showed higher adsorption of TMV than the higher pH value of 8.0. Although the 
optimal conditions for PAH/TMV film fabrication were suggested, the stability and 
biocompatibility of this film still need to be tested. The LbL technique has demonstrated 
to be a promising method to produce stable and highly reproducible viral particle-based 
biomaterials. 
 
5.4 EXPERIMENTAL SECTION 
5.4.1 TMV Isolation 
TMV was isolated and purified according to a protocol previously reported [17, 29]. 
 
5.4.2 Preparation of PEMs coated with TMV 
Round glass coverslips (18 mm, VWR) were cleaned by piranha solution (7:3 mixture of 
98% H2SO4 and 30% H2O2) at 75 °C for 2 hours, followed by three washes with water 
(Millipore Synergy UV system, 18.2 MΩ.cm) and sonication. The glass coverslips were 
washed and dried with a stream of nitrogen gas. 
PDDA (Mw ~ 100,000), PSS (Mw ~ 70,000), and PAH (Mw ~ 58,000) were 
purchased from Sigma-Aldrich. PDDA solution was prepared at 1 mg/mL with or 
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without NaCl at 100 mM or 2 M final concentration.  PSS solution was prepared at 2 
mg/mL in water. PAH solution was prepared at 1 mg/mL in water and pH was adjusted 
using HCl or NaOH. PEM films were prepared followed the previous report [30]. In 
brief, the glass coverslip was immersed into PDDA solution for 20 minutes, then 
alternatively immersed into PSS solution for 20 until 7 layers were obtained (with PDDA 
as the outmost layer). For PAH experiments, PAH solution was dropped into TCP well 
plate and incubate for 30 minutes and the wells were washed with water. The coated 
plates were dried more than 24 hours at room temperature. Then, the surface of coverslip 
and well plate was immersed in 1 mg/mL of TMV solution (100 mM Kphos buffer pH 
7.4, unless stated) for 20 minutes and the substrate was thoroughly washed using water 
between each layer. The virus coverage on the coverslips was characterized using 
tapping-mode AFM images using a NanoScope IIIA MultiMode AFM (Veeco). Si tips 
with a resonance frequency of approximately 300 kHz, a spring constant of about 40 N 
m-1 and a scan rate of 0.5 Hz were used. 
 
5.4.3 Quantification of TMV adsorption 
An interior surface of TMV was modified with fluorescein amine by using EDC/HOBT 
coupling reported by Schlick et al. [31]. The fluorescently labeled virus particles were 
purified by ultracentrifugation at 45,000 rpm for 1.5 h (4 °C; Beckman 70.2 Ti). The 
pellet was resuspended in 100 mM Kphos buffer (pH 7.0) and used to determine surface 
coating density by measuring fluorescence on plate reader (ex/em 490/520 nm, Molecular 
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POLYVALENT DISPLAY OF RGD MOTIFS ON TURNIP YELLOW MOSAIC VIRUS FOR 
ENHANCED STEM CELL ADHESION AND SPREADING
1 
6.1 INTRODUCTION 
6.1.1 Plant virus-based scaffold for stem cell differentiation 
Mesenchymal stem cells (MSCs) represent an important alternative source of cells for 
tissue regeneration due to their ability to differentiate into various phenotypes, such as 
chondrocytes [1, 2], skeletal muscle cells [3], osteoblasts [4, 5], and vascular muscle cells 
[6]. MSCs reside in specialized niches within various tissues and can be isolated, cultured 
and expanded in vitro [7]. The differentiation of MSCs into various phenotypes can be 
triggered by the micro-environment around the cells [8]. To better understand how MSCs 
respond to environmental cues, a number of nanomaterials and a variety of 
nanofabrication methods have been employed to control the differentiation pathways of 
MSC [9-14]. Our previous studies have shown that culturing bone marrow stem cells 
(BMSCs) on plant viruses, including Tobacco mosaic virus (TMV) and Turnip yellow 
mosaic virus (TYMV), can enhance cell differentiation [15-17]. Enhanced osteocalcin 
expression and levels of osteogenic differentiation were significantly augmented by the 
presence of virus coatings on 2D substrate in comparison to cells grown under standard 
conditions (from 21-28 days to 9-14 days), resulting in earlier mineralization of the cells. 
Furthermore, we found that the differentiation was preceded by an upregulated 
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expression of the bone morphogenetic protein 2 (BMP-2) gene, which encodes a key 
morphogenetic protein involved in bone formation, for cells cultured on native TMV 
within 8 h of osteo-induction [18]. However, plant virus-based substrates can often 
influence the differentiation of modest numbers of cells due to the lack of cell-binding 
motifs on the viral capsid.  
 
6.1.2 RGD as an adhesive ligand 
Numerous studies have shown that the enhancement of the endothelial and osteoblast 
adhesion can be achieved by immobilizing adhesive peptides on the substrate surface [19-
21].  The tri-peptide motif RGD is often exploited for tissue regeneration applications due 
to its adhesion properties [21-26]. It has been reported that RGD-tailored 
bionanoparticles, produced either via genetic modification or chemical conjugation, can 
improve the cell-binding affinity dramatically [27-37]. For example, using a Cu(I) 
catalyzed azide-alkyne cycloaddition (CuAAC)  reaction, synthetic RGD peptides have 
been conjugated to wild type TYMV, resulting in the promotion of adhesion, spreading, 
and proliferation of  NIH-3T3 fibroblast cells [38]. We report here our work in replacing 
native coat protein (CP) residues within TYMV, through mutagenesis for display of RGD 
on the virus surface. Once assembled, this multivalent display of the desired RGD 






6.1.3 TYMV as a scaffold building block 
TYMV is a non-enveloped 28 nm plant virus composed of 180 copies of a 20 kDa CP 
that encapsidates a 6.3 kb monopartite genome. The subunits assemble together with T = 
3 symmetry that results in an icosahedral capsid with prominent protrusions of 
pentameric and hexameric capsomeres on the viral surface (Figure 6.1 a) [39, 40]. TYMV 
is an attractive material for cell culturing studies as the virus can be propagated and 
purified through relatively simple means. In addition, the solved crystal structure of both 
the virion [40] and empty form of the particle [41] enables targeted mutagenesis of 
specific coat protein residues that reside either on the surface, interface or interior. A 
series of RGD mutants were created based on previous crystal structure analysis of 
surface exposed regions [40]. One of these mutants, TYMV-RGD44, in which residues 
44-46 (TKD) were partially replaced to produce RGD (Figure 6.1 a), assembled and was 
infectious. Measurements of the 180 RGD motifs within the 28 nm particle predict intra-
spacing of 2.1 nm (hexamers) and 2.3 nm (pentamers) between RGD motifs. The layer by 
layer (LBL) technique has previously been confirmed to be an effective way to 
incorporate viral particles into thin films with the integrity of the 3D viral structures well 
maintained [42-47]. We therefore use the LBL method to attach TYMV particles onto 
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6.2 RESULTS AND DISCUSSION 
6.2.1 Generation of TYMV-RGD44 
Various sites of the TYMV CP, including sites 44-46, 55-57, 61-63, 102-104, and 161-
164 were tested for introducing RGD sequences.  These sites were selected based on their 
surface availability deduced from the solved virion crystal structure [40]. TYMV-
RGD44, with RGD placed at residues 44-46, was the only variant able to support 
infection and form stable virions. However, symptom development was slightly delayed 
and virus yield was decreased 10-fold relative to TYMV-wt. Attempts at generating 
infectious mutant virus with RGD at the other sites were unsuccessful, as virus was 
highly unstable and/or failed to move systemically within the plant (data not shown). 
To determine whether TYMV-RGD44 retained the physical properties of TYMV-
wt, virus preparations were analyzed by sucrose gradient ultracentrifugation (Figure 
6.2a). The sedimentation rates of mutant and wild type viruses were similar, and empty 
particles (fractions 12-14) were present in each case [48]. Full RNA-containing virions 
migrated faster towards the bottom of the gradient. Both full and empty particles for 
TYMV-RGD44 and TYMV-wt were similar in diameter, with electron micrograph 
measurements in close agreement to the expected 28 nm (Figure 6.2a).  CsCl gradients of 
virions showed TYMV-wt banding at a peak density of 1.413 g/mL, similar to published 
values (Figure 6.2b) [49]. TYMV-RGD44 migrated to a similar density (Figure 6.2b). 
The similar behavior of TYMV-RGD44 and TYMV-wt in these analyses suggests that 
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The stability of virions, pooled from sucrose purified fractions 22-27, was also 
analyzed by agarose gel electrophoresis (Figure 6.2c) [50]. Two sets of gels, run in 
parallel were stained with either Coomassie to monitor protein (Figure 6.2c, top) or 
ethidium bromide to monitor encapsidated/released viral RNA (Figure 6.2c, bottom). 
Virus was pre-incubated in the denaturant urea for 30 min at 50 °C before 
electrophoresis.  At 0 M (no urea) and 1 M treatments, TYMV-wt and TYMV-RGD44 
virions ran as a single band and to similar positions. Based on the surface charge 
characteristics of both viruses the removal of the wild-type lysine at position 45 of the 
coat protein but the addition of an arginine at position 44 for TYMV-RGD44 resulted in a 
highly similar charge profile on the capsid surface and therefore similar electrophoretic 
migrations. At 2 M urea treatment, the protein band in the Coomassie gels was shifted 
slightly higher than at 1 M urea, a phenomenon previously attributed to TYMV being in 
an empty particle form but without encapsidated RNA [51]. The 2 M urea ethidium 
bromide gel was in good agreement with the Coomassie gel as the RNA, now ejected, ran 
in a similar manner as a TYMV RNA control (Figure 6.2c, first lane). For TYMV-
RGD44 a second protein component began to appear at 2M urea, which for TYMV-wt 
did not appear until 4M urea treatment. While the nature of this second higher band has 
previously not been described, its appearance at higher urea conditions suggests some 
type of dissociated capsid state. These agarose gel findings imply that while the TYMV-





6.2.2 Fabrication of TYMV composite films using the LBL method 
Since the isoelectric point (pI) of native TYMV-wt is approximately 3.7, the virus is 
negatively charged at neutral pH. Similar to previous reports on Cowpea mosaic virus 
(CPMV) [52, 53], the deposition of TYMV-wt can be readily achieved with the LBL 
method. To obtain a uniformly and stably positively charged surface, the substrate 
(quartz, silicon wafer, or QCM resonator) was coated with (PAH/PAA)2.5, the virus 
deposition was triggered by immersing the (PAH/PAA)2.5 in viral solution. The TYMV-
wt adsorption behavior was studied firstly and the QCM data for TYMV-wt (0.1 mg/mL, 
pH 7.0) and PAH depositions are presented in Figure 6.3a. For each newly adsorbed 
TYMV-wt layer the average frequency shift is -186 ± 23 Hz. However, for each PAH 
layer, the frequency shift is 31 ± 4 Hz, suggesting that minor amounts of adsorbed 
TYMV-wt were peeled off during exposure to the PAH solution. The oscillatory increase 
of frequency shift with the number of layers indicates the continuous growth and 
successive deposition of TYMV-wt/PAH, which was also confirmed by UV-vis 
spectroscopy (Figure 6.3b). Because there was no adsorption of PAH in the UV-visible 
region, the absorbance of the multilayer films is primarily attributed to the deposition of 
TYMV, with the 260 nm peak reflecting the presence of RNA of the TYMV-wt particle 
[54]; this was used to monitor the amount of TYMV-wt in composite films (Figure 6.3b). 
A linear relationship between absorbance intensity and the number of bilayers was 
observed (Figure 6.3b, inset), indicating the linear growth of TYMV-wt deposition with 
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As TYMV is a weak polyelectrolyte, it is expected that the pH value could greatly 
affect the adsorption process [52]. While fixing the pH of the PAH solution at 7.0, the 
deposition of TYMV-wt was studied by QCM using virus suspensions of different pH 
values from 3.2 to 7.0 (Fig. 6.4 a). Fig. 6.4 b shows the average frequency for each 
TYMV layer deposited at different pH. As predicted, the maximum TYMV deposition 
was achieved at pH 4.0 (near pI) [52, 55]. During the TYMV deposition, the interaction 
between TYMV-wt and substrate, as well as the interactions among TYMV-wt particles, 
govern the amount of deposited virus. For pH above the pI of TYMV-wt, the negative 
charge density of TYMV increases with pH, which favors the interaction between 
TYMV-wt and substrate. However, the increased charge also increases the electrostatic 
repulsion between virus particles, prohibiting higher surface coverage. Near the pI (pH 
4.0), the electrostatic repulsion between TYMV-wt particles reaches a minimum, leading 
to maximum particle deposition. Based on the Sauerbrey equation [56], the mass of 
TYMV can be calculated. Assuming 1 g/cm3 as the density of TYMV-wt and a 
monolayer adsorption with sphere-packing, we estimate the coverage of TYMV-wt under 
different pH, which were 151 ± 8% (pH 4.0), 115 ± 4% (pH 5.0), 52 ± 2% (pH 7.0) and 8 
± 0.3% (pH 3.2) respectively.  
As no additional negatively-charged residues were introduced into the TYMV-
RGD44 particle, two similar pH-dependent zeta potentials curves were observed for 
TYMV-wt and TYMV-RGD44 (Figure 6.4c), and the pIs of TYMV-wt and TYMV- 
RGD44 are 3.4 and 3.7 respectively. Since the LBL deposition is strongly dependent on 
the surface charge of virus particles, the LBL deposition of TYMV-RGD44 with PAH at 
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condition (Cvirus = 0.1 mg/mL, pH 4.0, CPAH = 1 mg/mL, pH 7.0) was used for preparing 
samples for cell culture studies. 
Since the morphology of the film can greatly influence the cell behavior, the film 
topography was assessed by AFM (Figure 6.5). After the deposition of (PAH/PAA)2.5 on 
silicon wafer, one layer of virus deposition at pH 7 only results in partial coverage (Fig. 
5a). From the AFM image, the coverage is estimated to be ~ 46%, which agrees well with 
the above QCM data (i.e. 52 ± 2%). At pH 4.0, near the pI of TYMV-wt, with single 
virus deposition, the surface is fully covered with viral particles, and the surface coating 
is granular with the viral clusters formed on the order of hundreds of nanometers (Figure 
6.5b). As additional layers of viral adsorption with polyelectrolyte progressed, more 
aggregations of TYMV can be observed (Figure 6.5c), with an increasing RMS to 7.4 
nm. Compared with TYMV-RGD44 with the same layer number, the topology and its 
RMS are very similar to TYMV-wt (Figure 6.5d). The virus coated surface was stable 
even after being immersed in PBS buffer at 37 ºC for 48 h as shown by AFM analysis 
(Figure 6.5e). In addition, QCM test showed a frequency shift of 41 ± 4 Hz, indicating 
very little TYMV was desorbed. Therefore, both AFM and QCM data suggested that the 
majority of virus particles remain in the composite films, indicating that these composite 
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6.2.3 BMSC adhesion and spreading 
The effect of TYMV-RGD44 on the BMSC behavior was studied at 5 and 24 h after 
seeding. (PAH/PAA)2.5 surface without virus layers has been reported to be 
biocompatible [57]. This surface was tested with BMSCs prior to our experiment. 
Although cells can attach and spread on (PAH/PAA)2.5, fewer cells are observed on this 
LBL surface compared to a standard tissue culture plastic (data not shown). The 
incorporation of virus layers reduced BMSC attachment and spreading confirming a full 
coverage of virus on the material surface (data not shown). After 5 h incubation, a higher 
number of cells adhered on TYMV-RGD44 coated substrate compared to TYMV-wt 
under the same conditions (Figure 6.6a-d). Moreover, the cell spreading on TYMV-
RGD44 films was also enhanced after 24 h culturing (Figure 6.6e-h). In order to quantify 
the effect of TYMV-RGD44 on cell adhesion, cell counts were determined, showing a 
much higher cell number with the TYMV-RGD44 coating (Figure 6.7a). This suggests 
that the RGD epitope on TYMV-RGD44 is functioning as a cell adhesion site. With the 
longer culturing time (24 h), the overall cell numbers increased, but the effect of TYMV-
RGD44 on cell adhesion was less dramatic. These results indicate that the RGD has a  
greater effect at the earlier stages of cell adhesion, which agrees well with previous 
studies [19]. For both TYMV-wt and TYMV-RGD44 (Figure 6.7a) as the top layer, the 
increased viral layers could slightly increase the cell adhesion. 
After initial adhesion observed at 5 h (Figure 6.6 a-d), the cells began to fully 
spread by 24 h (Figure 6.6 e-h). The TYMV-RGD44 coating can promote much better 
cell spreading over the surface than that of wild type (Figure 6.7b). In order to elucidate 
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calculated by dividing the cell coverage area with the cell number, as shown in Figure 
6.7c. With one viral layer, the area per cell on TYMV-wt coated surface is 4.7 x 103 µm2 
as compared to 6.5 x 103 µm2 for TYMV-RGD44. The difference in cell spreading 
between TYMV-wt and TYMV-RGD44 coated surface becomes more obvious with three 
layers of viral coating. 
 
6.3 CONCLUSION 
It is believed that cell adhesion and spreading are mediated by the interaction between 
cell membrane receptors and protein domains present in the extracellular matrix (ECM). 
RGD as the most prominent cell adhesive peptide, its density and spatial distribution 
plays an important role in the spreading process. In our study, TYMV was genetically 
modified with an RGD substitution within the coat protein (CP) at residues 44-46 for 
display of RGD on the viral capsid surface. The estimated RGD spacing within a TYMV 
capsomere, based on the solved crystal structure, is approximately 19 angstroms (1.9 nm 
apart) [40]. Composite films composed of the wild type or mutant TYMV particles were 
fabricated by facile LBL deposition of virus particles and PAH. The coverage of virus 
can be readily controlled by adjusting the pH of the virus solution, with maximum 
deposition near the virus pI. Cell response studies showed that TYMV-RGD44 can 
enhance the adhesion of BMSCs at an early stage and promote cell spreading, which 
indicates that high RGD clustering within a confined area (viral capsid in our case) 
provides an ideal environment for cell adhesion and spreading. Clearly, the ability to 
engineer RGD with nanometer precision in a multivalent manner, optimize its deposition 
on composite thin films and test the resulting interactions with BMSC’s provides a 
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framework for the testing of additional RGD-based viral scaffolds. The differentiation 
process of BMSCs on this genetically engineered biomaterial will be investigated further 
to discover its potential clinical applications in regenerative medicine. 
 
6.4 EXPERIMENTAL SECTION 
6.4.1 Materials 
Poly(acrylic acid) (PAA), poly(allylamine hydrochloride) (PAH), sodium hydroxide 
(NaOH) and hydrogen chloride (HCl) were purchased from Sigma-Aldrich. Microscope 
cover glass slides (18 mm), quartz and silicon wafers were purchased from VWR. AT-cut 
quartz crystals were manufactured by Beijing Ziweixing Microelectronic Company. 
Deionized water (18.2 MΩ.cm) used for rinsing and preparing all the solutions was 
obtained from a Millipore Simplicity 185 purification unit. 
 
6.4.2 Generation of TYMV-RGD44 
To create TYMV-RGD44 mutant, the Stratagene Quickchange PCR mutagenesis 
approach was utilized with a TA-vector harboring the CP sequence (pGEM-TYMV-CP) 
as template. A unique SacII restriction site was placed within the RGD coding sequence 
to enable convenient screening by restriction digestion. pGEM-TYMV-CP was digested 
with the restriction enzymes EcoRI and SmaI which enabled ligation of part of the CP 
coding region (residues 1-139) into a plasmid used for Agrobacterium-mediated 
infection, pCB302-TyW, through standard cloning techniques [58]. After plant infection, 
the identity of purified TYMV-RGD44 virus was verified by sequencing of RT-PCR 
product from a phenol-chloroform extracted genomic RNA template. 
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6.4.3 Isolation and virion properties of TYMV-wt and TYMV-RGD44 
TYMV-wt and TYMV-RGD44 were purified via the Bentonite method [54]. Virus 
particles were further purified by centrifugation in 5-30% sucrose gradients (SW-41 
rotor, 2 h and 45 min at 28,000 rpm) in 10 mM Na/KPO4 1 mM MgSO4 (pH 7.6) before 
use. To further characterize TYMV-wt and TYMV-RGD 44, CsCl gradient 
ultracentrifugation (in 30 mM sodium acetate, 1 mM MgCl2  pH 6.0) was performed as 
previously described [49]. The electrophoretic mobility of virions was analyzed on Tris-
acetate 1% agarose gels (pH 8.3) stained with either ethidium bromide for RNA or 
Coomassie R-250 for protein. 
 
6.4.4 Substrate treatment 
Quartz and silicon wafers were immersed in slightly boiled piranha solution (3:1 mixture 
of 98% H2SO4 and 30% H2O2) for 20 min followed by ultrasonication three times in pure 
water with extensive rinsing and drying with a stream of N2. The resonator of the quartz 
crystal microbalance (QCM) was washed with ethanol and water, with drying in a stream 
of N2. 
 
6.4.5 LBL technique 
The virus/polyelectrolyte films were fabricated as depicted in Fig. 1b. Firstly, 
polyelectrolyte multilayer films were deposited by sequential dipping of a substrate in 
PAH (1.0 mg/mL pH 7.0) and PAA (1.0 mg/mL pH 7.0) aqueous solutions for 15 min 
each, until it reaches (PAH/PAA)2.5, where the value 2.5 indicates the number of bilayers. 
Next, the (PAH/PAA)2.5 coated substrate was alternatively immersed in virus solution 
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(0.1 mg/mL) with different pH value for 20 min and PAH solution (1.0 mg/mL, pH 7.0) 
for 15 min. Water was used to rinse in between each deposition step until the desired 
number of layers was obtained. 
 
6.4.6 BMSC isolation and expansion 
Primary BMSCs were isolated from the bone marrow of young adult 80 g male Wistar 
rats (Harlan Sprague Dawley, Inc.).  The procedures were performed in accordance with 
the guidelines for animal experimentation by the Institutional Animal Care and Use 
Committee, School of Medicine, University of South Carolina. In brief, cells were 
flushed from tibia and femur using a syringe needle. The cell suspension was then 
cultured on tissue culture plastic for 10 days to allow attachment, with consistent washing 
every three days. The attached cells were passaged and maintained in Dulbecco’s 
Modified Eagle Medium (DMEM) growth medium supplemented with 10% fetal bovine 
serum (FBS), penicillin (100 µg/mL), streptomycin (100 µg/mL) and amphotericin B 
(250 ng/mL). Cells were passaged no more than four times after isolation before 
experimental use. 
 
6.4.7 Cell adhesion and spreading 
TYMV substrates were seeded with 4.0 × 104 cells per sample and cultured for either 5 or 
24 h in growth medium. Before cell culture termination, each sample was stained with 4 
µg/mL of Calcein AM (BD Biosciencse) in culture media for 30 min at 37˚C. The cells 
were washed with Hyclone Dulbecco’s phosphate buffered saline (DPBS; Thermo 
Scientific) twice and fixed in 4% paraformaldehyde for 30 min at room temperature. 
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Images of the stained substrates were visualized on Olympus IX81 fluorescent 
microscopy. Cell coverage percent and cell number per image frame were calculated 
using Image J software. Ten images were taken from each sample and each substrate 
condition was repeated with three individual samples. 
 
6.4.8 Characterization 
A homemade QCM was used to detect the mass of the deposited layer using a 9 MHz 
quartz electrode coated with Ag on both sides. The QCM frequency shifts were 
monitored with a Protek C3100 universal frequency counter, and the mass of the 
deposited layer was calculated from the Sauerbrey equation [56]. Viral particles (empty 
and full) were visualized on glow-discharged Formvar-carbon coated copper grids (Ted 
Pella) by negative staining with 2% phosphotungstic acid in a Philips CM-12 
transmission electron microscope at 80 kEV. The surface morphology was observed by 
atomic force microscopy using a NanoScope IIIA MultiMode AFM (Veeco) under the 
tapping mode. UV-vis spectra of the thin films deposited on quartz slides were collected 
on a Shimadzu UV-2450 spectrophotometer. 
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ROUGHNESS CONTROLLED OSTEOGENESIS OF MESENCHYMAL STEM CELLS ON 
BIOMIMETIC CAP-COLLAGEN COATING 
7.1 INTRODUCTION 
7.1.1 Material-mediated osteogenesis 
Mesenchymal stem cells (MSCs) are multipotent adult progenitors that can be found 
within adult connective tissues, isolated in large quality, and expended in vitro with the 
capability to differentiate into various phenotypes [1]. By adding the inductive factors 
into cell culture medium, a great deal of distinct phenotypes, such as chondrocytes [2], 
skeletal muscle cells [3], osteoblasts [4, 5] and vascular muscle cells [6], have been 
derived from the MSCs. Traditionally, MSCs could be induced to undergo osteogenesis 
in vitro by supplementing culture medium with dexamethasone, ascorbic acid, and β-
glycerophosphate [7]. In recent years, there have been many attempts to direct MSCs into 
osteogenic lineage by material chemical and physical properties [8], including surface 
chemistry [9], surface energy [10], stiffness [11, 12], topology [13, 14], and roughness 
[15-18]. These findings opened a novel and imaginative door to tissue engineering, i.e. 
directing stem cell differentiation to generate healthy tissue and replace diseased tissue by 
controlling either physical or chemical properties of the implanted materials. In bone 
tissue engineering, the osteo-inductivity of implanted material is critical for the success 





7.1.2 Calcium phosphate as osteo-conductive substrate 
Calcium phosphate (CaP) is the primary inorganic component of bone matrix, which is 
consisting of the calcium phosphate (CaP)-collagen fillers with several level hierarchical 
structure orders [19]. The outstanding osteo-conductive property exhibited by CaP, 
makes the CaP a promising candidate as bone substitute and supplemental material for 
bone regeneration [20]. In fact, CaP coatings have shown exceptional effects not only on 
improving osteoblast proliferation [21, 22] and ameliorating the osteo-integration in vitro 
[23], but also reducing bone loss [24] and enhancing bone formation [25] in vivo. 
However, the mismatch of mechanical properties and poor interaction with surrounding 
tissue in long term observation of these material lead to the destruction of the implant. 
Coating the CaP on mechanically strong implant materials, such as metal or polymer 
scaffolds [20, 26, 27], was an effective way to resolve the mechanical brittleness problem 
without losing its biological efficacy. Recently, inspired by the component of natural 
bone composing of CaP (~70%) and collagen (~30%), the bio-mimetic surface coating 
was proposed and developed as third generation biomaterials by doping various proteins 
into the CaP [28, 29]. 
 
7.1.3 Generation of CaP coating by layer-by-layer deposition 
Based on the bone structure, it is assumed that optimal osteo-conductive coating should 
have several characters: a rough surface, branched network of canals and pores, and high 
strength with elasticity modulus close to that of the bone [30, 31]. The osteo-conductivity 
of CaP coating can be affected by many factors, such as particle size of CaP, the 




higher surface energy, higher crystallinity and smaller size of CaP particles would result 
in a better osteo-conductive coating. The surface roughness, a dominant factor on cell-
substrate and cell-cell interactions, has been demonstrated to direct the adhesion, 
proliferation, differentiation and final fate of various cells [16, 36-38]. However, very 
few of reports have unveiled the roughness effect on osteo-conductivity of CaP coating, 
and how the roughness contributes to the osteo-conductivity is unanswered [39-41]. 
To address this issue, we need a coating technique which has mild fabrication conditions, 
homogenously controllable physical properties and long term stability. The layer-by-layer 
(LBL) technique based on the electrostatic interaction is an ideal method to this end. The 
generation of uniform polyelectrolyte multilayer films (PEMs) on various substrates, 
including polymers and metals, is independent of the geometry and the size of substrates 
by a LBL approach [42-44]. In addition, some PEMs show good stability and 
biocompatibility under physiological conditions. These features of the PEMs produced by 
the LBL technique make it suitable for the biomedicine and tissue engineering 
applications [45, 46]. Moreover, the deposited polyelectrolyte can provide the nucleation 
sites for in situ growing CaP coating [47, 48], where the crystallinity and morphology of 
coating surface could be readily controlled by regulating the nucleation conditions. 
To better improve the CaP based surface coating, we report the fabrication of 
collagen doped CaP coatings by bio-mimetic in situ growing method on PEMs with a 
controllable surface roughness. In addition, the osteo-conductive effect of PEM/CaP-Col 
surface roughness on MSCs was studied, which could be potentially used to optimize the 





7.2 RESULTS AND DISCUSSION 
7.2.1 Surface feature and chemical composition of PEMs/CaP-Col surface 
The fabrication process of PEMs/CaP-Col surface was demonstrated in Figure 7.1. 
Poly(allylamine hydrochloride) (PAH) and poly(styrene sulfonate) (PSS) were 
alternatively deposited onto the silicon or glass substrates until 5 layers of PEMs were 
formed. Next, the substrates were horizontally incubated in the freshly prepared bio-
mimetic solutions at room temperature. Upon immersing PEMs into the bio-mimetic 
solution, PEM surface acts as a nucleation site for CaP crystal growth [47, 48] while 
collagen was doped into the CaP (the surface is denoted as CaP-Col) [45, 46]. The 
surface roughness of CaP-Col coating increases with an increase in the incubation time. 
After certain incubation times, the samples were washed and dried. The following 
characterizations of these samples were performed on the underside of the samples to 
avoid the deposition of CaP precipitate from the supersaturated solution. 
Both the chemical and physical properties of the surface, including the 
crystallinity of CaP, homogeneity and compositions of the surface, are critical to cell 
adhesion, proliferation and differentiation. Therefore, the surface properties were 
characterized in detail. Figure 7.2 showed the SEM images of PEMs/CaP-Col coating 
morphologies in situ grown from bio-mimetic solution at different incubation time points. 
At time scale 0 min, the surface was very smooth (Figure 7.2 a). After 1h incubation, the 
plate like crystal was observed with uniform distribution in the whole substrate (Figure 
7.2b). Upon higher magnification, it was shown that nano-sized crystals randomly 
connected with each other from the growing edge (inset of Figure 7.2 b), and micro-sized 
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surface feature became distinct at 2 h (Figure 7.2 c), bigger crystals and pores between 
the crystals were observed. Upon incubation for 24 h (Figure 7.2 d), the surface feature 
had an obvious change to micro “flower”-like, with micro-sized petal erectly sitting on 
the surface. We also observed the micro-flower surface feature on PEMs/CaP samples 
upon 24 h incubation without the addition of the collagen (Figure 7.3), indicating that the 
surface feature was dominated by the CaP crystal nucleation and growing process, where 
the collagen did not play a critical role. In addition, the whole substrate was 
homogeneously covered with CaP crystals as shown in Figure 7.2, which ensured an 
accurate analysis on MSC cellular behaviors. 
X-Ray Photoelectron Spectroscopy (XPS) was used to detect the elemental 
composition of the PEMs/CaP-Col coating. Compared with PEMs (Figure 7.4 a bottom), 
Ca and P signals appeared in both PEMs/CaP (Fig. 7.4 a middle) and PEMs/CaP-Col 
(Figure 7.4 a top) samples, indicating the formation of CaP within the PEMs. For PEMs 
versus PEMs/CaP, the disappearance of N signal (Figure 7.4 a middle) suggested that the 
coating was too thick to be penetrated by XPS (several ten nanometers), which suggested 
that the reappearance of N signal in PEMs/CaP-Col (Figure 7.4 a top) was from the 
doped collagen. In the detailed elemental analysis, the N content in the PEMs/CaP-Col 
samples fabricated at different incubation times dropped from the beginning 4.7% in 
PEMs (Figure 7.4 b left) and leveled to 1.4% after 45 min. Meanwhile, other elements (C, 
O, Ca and P) in PEMs/CaP-Col showed the similar trend as N, i.e. fluctuating at 25 min 
and leveling from 45 min onwards (Table 7.1). CaP has several crystal forms, including 
α˗ and β˗tricalcium phosphate, tetracalcium phosphate, octacalcium phosphate, dicalcium 
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Element content (%) 
C N O S P Ca 
0 69.2 8.1 18.5 4.2 0 0 
25 37.4 3.4 31.2 0 11.3 16.7 
45 25.8 1.5 44.9 0 10.5 17.3 
60 23.2 1.6 48.8 0 10.4 16 
90 23.8 1.3 46 0 10.8 18.1 







chemical similarity to the CaP in bone [27]. Furthermore, the ratio of Ca to P in 
PEMs/CaP-Col was leveled to 1.62 after 45 min incubation, which was close to the ratio 
of Ca to P (1.67) in HAp with chemical formula Ca10(OH)2(PO4)6 [49]. It suggests that 
the major composition in PEMs/CaP-Col coating is the HA, and the slightly lower Ca/P 
ratio is attributed to the other forms of CaP crystal or amorphous CaP, which is consistent 
with other reports [48]. 
The Attenuated Total Reflection Infrared (ATR-IR) spectra gave more 
information of these bio-mimetic surfaces, as shown in Figure 7.4 c. Compared to the 
PEMs (bottom, Figure 7.4 c), the main vibration bands at 961 cm-1 (symmetric stretching 
mode of the P−O bonds in PO4
3-), 1016 cm-1 and shoulders at 1034 cm-1, 1072 cm-1 
(triply degenerated asymmetric stretching mode of the P−O bond of the PO4
3-) confirmed 
the existence of HAp in both of PEMs/CaP (middle, Figure 7.4 c) and PEMs/CaP-Col 
(top, Figure 7.4 c) [48-50]. Vibration bands at 1110 cm-1 (CO3
2− in non-stoichiometric 
apatite), and the wide peak with the center at 890 cm-1 (the overlap of bending mode and 
stretching mode of the CO3
2−group in apatite) indicated the apatite is carbonated 
substitute. In addition, the vibration around 1237 cm-1, 1190 cm-1, 1117 cm-1 and 1110 
cm-1 is due to the appearance of OCP [48-50]. Compared with PEMs/CaP, the wide peak 
centered at 1560 cm-1 in PEMs/CaP-Col is attributed to the Amide-I, II and III in collagen 
[51, 52]. Because of the low collagen content in PEMs/CaP-Col and the interference of 
the water in this vibration region, the peak intensities were too weak to separate from 
each other. The film of PEMs/CaP-Col was scratched off from the substrate and observed 
under TEM (Figure 7.4 d), and the crystal size was around micrometer scale. The 




and (402) of Hap [53]. All samples of PEMs/CaP-Col under different incubation time 
showed the same diffraction index except the 25 min incubation sample, in which no 
diffraction pattern was observed under TEM (Figure 7.5). 
 
7.2.2 Roughness of PEMs/CaP-Col surface 
As a quantitative measure of surface texture, the roughness of the PEMs/CaP-Col 
samples obtained at different incubation time was evaluated by AFM, in terms of a root 
mean square value, Ra, that describes the distance between peaks (or troughs) along an 
arbitrary line [54]. Figure 7.6 showed the AFM images and their corresponding 
roughness change of the coating with the incubation time. The coating roughness 
increased with the incubation time, from 11 ± 1.2 nm of PEMs to 187 ± 7.3 nm of 
PEMs/CaP-Col surface upon 2 h incubation. Further incubation lead to the increase of the 
roughness of PEMs/CaP-Col surface (Figure 7.7). For PEMs/CaP-Col after 24 h of 
incubation, the roughness reached as high as 737 ± 10.2 nm. However, the bio-mimetic 
coating surface obtained from longer incubation time than 2 h lead to the death of the 
long term (14 days) cultured cell on these rougher coatings. This is possibly due to a high 
cellular stress caused by the reduced contact area between cell membrane and substrate 
[55]. In this study, the roughness window of cells grown on PEMs/CaP-Col surfaces is 
between 11 ± 1.2 and 187 ± 7.3 nm, with time scale from 0 to 120 min. 
The roughness of the PEMs/CaP-Col was measured again by AFM after the film 
was incubated in medium for 3 days at 37 °C. A slight decrease in roughness but not 
obvious was observed (Figure 7.8), indicating the films formed by the biomimetic 
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Figure 7.7 The roughness of the PEMs/CaP-Col changed with the incubation time in bio-
mimetic solution. The roughness data shown here was the average value of at least 3 tests 
from 3 different samples. 
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the film reflected the HAp as major composition of the CaP/Col coating due to its 
reported super stability. And the slight decrease of the roughness might be attributed to 
the dissolving of other forms of CaP. All data indicated that the CaP-Col coating is 
identical in chemical compositions (with HAp as the major CaP composites) and stable 
for cell culture when the incubation time is more than 45 min. 
7.2.3 Substrate biocompatibility and BMSC proliferation 
BMSCs were grown on PEMs/CaP-Col samples for 21 days and cell viability was 
examined. Figure 7.9 a showed the live/dead staining of BMSCs after 3 weeks of culture 
in growth media. Red stain from propidium iodide (PI) of cells on the PEMs samples 
indicated the cell apoptosis and poor cell viability on PEMs surface. Clearly the CaP-Col 
coatings on PEM improved biocompatibility dramatically based on the staining results 
from calcein AM and PI (Figure 7.9 a). The number of adherent BMSCs on each surface 
was also quantified by CellTiter Blue® assay. The data revealed that there were 
significantly higher cell numbers on PEMs/CaP-Col with 60 and 90 min coatings (Figure 
7.9 b). Any CaP-Col coating of less than 60 min appeared to be less biocompatible, likely 
due to the existence of the soluble amorphous CaP, which, according to Oreffo et al. [56], 
could rapidly release ions and perturb local pH, which negatively affects cell proliferation 
and viability. 
 
7.2.4 Osteo-specific gene expression 
The expression of genes associated with osteogenic differentiation was examined in order 
to evaluate substrate osteo-conductivity. BMSCs were cultured on these samples for 21 




Figure 7.9 Cell proliferation analyses of BMSCs on PEMs and PEMs/CaP-Col substrates at day 21. (a) Live (green) and dead 
(red) staining of cells by calcein AM and propidium iodide. The scale bar equals to 100 µm. (b) Number of adherent BMSCs 




and β-glycerophosphate [7], thus the osteogenic signal is believed to come from 
PEMs/CaP-Col coating. Transcription factors that regulate osteogenesis include DLX5, 
RUNX2, and OSX. There was no difference in DLX5 and RUNX2 gene expression, 
however, OSX expression was upregulated in cells grown on all PEMs/CaP-Col 
compared to TCP control (Figure 7.10). Since DLX5 and RUNX2 are normally expressed 
earlier and before osteogenic commitment [57], it is possible that BMSCs had already 
committed to the osteogenic lineage at the time of analysis. On the other hand, OSX is a 
transcription factor downstream of RUNX2 [58] and its upregulation could be observed 
during osteogenic maturation. The upregulation of OSX suggests that the top coating of 
CaP-Col on PEMs can induce osteogenesis of BMSCs without any osteo-inductive 
supplements in the culture medium. 
Another osteo-specific gene studied was BGLAP (or osteocalcin), the most 
common marker of mature osteoblast, as this protein is only synthesized by fully-
differentiated osteoblasts [59]. The gene expression level of BGLAP was significantly 
increased in cells grown on PEMs/CaP-Col surface at 60 and 90 min incubation time, 
with 60 min incubation resulting in the highest BGLAP gene expression level. This 
suggests that BMSCs on PEMs/CaP-Col were capable of terminal osteogenic 
differentiation into mature osteoblasts on these two substrates by 21 days. This result also 
confirmed that HAp is more osteo-conductive than amorphous CaP of PEMs/CaP-Col 







Figure 7.10 RT-qPCR analysis for osteo-specific gene expression of BMSCs on different 
PEMs/CaP-Col roughness at day 21 without osteoinduction. Different substrates include 
TCP: standard tissue culture plastic, 1: PEMs alone without CaP-Col, 2: PEMs/CaP-Col 
for 25 min, 3: PEMs/CaP-Col for 45 min, 4: PEMs/CaP-Col for 60 min, 5: PEMs/CaP-
Col for 90 min, and 6: PEMs/CaP-Col for 120 min. In all graphs, the error bars denote ± 





7.2.5 Protein expression of osteocalcin 
Immunohistochemical staining was performed to confirm that gene expression observed 
(Figure 7.10) was correlated with protein expression. The staining images showed that 
osteocalcin protein was indeed highly expressed in BMSCs on PEMs/CaP-Col with 60, 
90, and 120 min incubation time (Figure 7.11 a). The protein was mainly localized to cell 
aggregates and mineralized nodules. Moreover, the actin staining (Figure 7.11 a) revealed 
a similar cell density on each surface when compared to the live/dead staining in Figure 
7.9 a. Thus, the higher osteocalcin expression could be a result of better surface 
biocompatibility, subsequently higher cell viability and density, which is in agreement 
with a recent report by Hu et al. [33]. 
 
7.2.7 Calcium deposition 
An indicator for mineralization is calcium deposition, which could be visualized by 
Alizarin Red S staining. Staining of calcium deposits on each surface is displayed in 
Figure 7.11 b. All of the cell aggregates was stained positive for calcium production. We 
noticed that the mineralized nodules in BMSCs on PEMs/CaP-Col with 60 and 90 min 
incubation time were high in number and larger (Figure 7.11 b). To quantify this 
observation, we extracted the calcium stained dye from each samples and measured the 
absorption at 548 nm. The absorbance was then normalized to the number of cells in each 
sample in order to compared calcium contents regardless of the difference in cell 
numbers. Calcium deposition was the highest in BMSCs on PEMs/CaP-Col with 
roughness 98 ± 3.5 nm at a 60 min incubation time (Figure 7.11 c), which agrees with its 















). Scale bar 
 solution. S
izarin Red S












































extracellular matrix, is rich in acidic amino acids to chelate calcium ions from the 
environment, facilitating mineralization [59]. The finding from these experiments 
indicates that the surface roughness is critical for osteogenesis, where too low or too high 
roughness may pose a negative effect on cell proliferation and differentiation [60]. 
The high sensitivity of the stem cells to the CaP-based surface properties, such as 
chemistry, particle size and topology, makes it difficult to compare the reported results 
from different laboratories to get a conclusive answer to the roughness effect on the stem 
cell osteogenesis [61-65]. A recent work by Kaplan et al. [16], demonstrated that the 
protein surface with higher roughness and stronger micro/nano-scale collectively 
enhanced the osteogenic differentiation of human mesenchymal stem cells (hMSCs), 
presented by the up-regulation osteogenic transcript (Col1α1, BSP, OP and Cbfα1) level. 
Balloni et al. examined the changes in hMSCs gene expression after growth on titanium 
surface with different roughness, and found that three osteogenic factors (Osx, BMP-2, 
and Runx2) that induce progressive differentiation of mesenchymal cells into osteoblasts 
were highly expressed on the rougher surface [37]. Surface nanoscale features could 
enhance the MSCs gene expression related to osteoblast differentiation as shown by 
Cooper et al.[66]. Similarly, a study about osteogenesis on nanostructures of titanium 
illustrated that roughness at nanoscale promoted osteogenic differentiation compared to a 
planar control, and the smaller nanostructure (15 nm-high pillars) showed higher 
efficiency at inducing mineralized nodules and osteogenic proteins than the larger 
nanostructures (55 and 100 nm-high pillars) [67].  
On the other hand, largely increase in roughness could result in fewer contact 
areas between cell membrane and substrate, leading to an increase in cellular stress [55], 
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and the adsorbed proteins tended to denature upon binding to such rough surface [68]. 
Based on these findings, the rougher surface with micro/nano-scale pores (such as CaP-
Col coating with 60 and 90 mins incubation in present study) would stimulate the 
expression of markers of osteoblastic phenotype, and further increased roughness could 
increase the cell stress or lead to the apoptosis. The optimal surface roughness was 
supported from previous reports. For example, among four kinds of TiO2 nanotubes (30, 
50, 70, 100 nm) plate with cultured hMSCs two weeks, the TiO2 nanotubes with medium 
diameter (70 nm) had the highest expression of the osteogenic markers [69]. Our work, 
together with some recent literatures, emphasizes the importance of a balance in surface 
roughness, and thus the optimal surface roughness is necessary for a successful 
biomaterial implant design in the field of tissue engineering and bone regeneration. 
 
7.3 CONCLUSION 
Inspired by the natural bone compositions, a CaP-Col coating was successfully in situ 
grown on PEMs by incubating the PEMs into biomimetic solution under mild conditions. 
The CaP-Col coating roughness, varing from 11±1.2 to 737 ± 10.2 nm, was controllable 
by the incubation time. Homogeneity and stability of PEMs/CaP-Col surface, and the 
invariable chemical compositions and crystallinity with incubation time avoided the 
interference from other chemical cues on the cell behavior, but suitable for investigating 
the physical cues, such as the roughness. This study shows that most of PEMs/CaP-Col 
had good biocompatibility to BMSCs and could induce BMSCs osteogenesis without 
osteogenic inducing supplement in culture medium. Further assessment on osteo-
conductivity of PEMs/CaP-Col coatings suggests that surface roughness, which was often 
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ignored in most coating designs, is a critical factor on the osteogenesis. The roughness 
window for BMSCs growing on PEMs/CaP-Col was between 18 ± 1.2 nm and 187 ± 7.3 
nm, and culturing BMSCs over this range led to the cell death. Moreover, the PEMs/CaP-
Col had an optimum roughness for the osteogenesis of BMSCs, about 98 ± 3.5 nm at 60 
min incubation time, where the highest osteocalcin and calcium content were observed.  
Our results clearly demonstrate that the surface roughness is important for 
directing cell behavior, and optimizing the material physical properties is necessary in a 
success of final implant. It represents a novel approach in easy osteo-conductive coating 
fabrication with a controllable nano-roughness for bone repair. Furthermore, benefited 
from the LBL, this PEMs/CaP-Col coating could be generated on various materials 
surfaces, endowing them with potential to bone tissue engineering by improving bone 
implant integration and enhancing bone formation without the use of chemical inducer. 
 
7.4 EXPERIMENTAL SECTION 
7.4.1 Materials 
PSS (Mw ~ 70,000), PAH (Mw ~ 58,000), poly(ethyleneimine) (PEI high branched Mw 
~ 60,000), sodium phosphate dibasic (Na2HPO4 purity 98.5%), sodium phosphate 
monobasic (NaH2PO4 purity 98.5%), calcium chloride (CaCl2 purity 99.5%), hydrogen 
chloride (HCl), sodium hydroxide (NaOH) and trishydroxy-aminomethane (Tris, purity 
99.9%) were purchased from Sigma-Aldrich used as received. Micro cover glass with 
diameter 18 mm, and silicon wafer were purchased from VWR. All pH value was 
adjusted using 0.2 M HCl and 0.2 M NaOH. Deionized water (18.2 MΩ.cm) used for 
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rinsing and preparing all the solutions was obtained from a Millipore Simplicity 185 
purification unit. Rat tail collagen type I was purchased from BD Biosciences. 
 
7.4.2 Substrate treatment and PEMs preparation 
Glass slides and silicon wafers were immersed in slightly boiled piranha solution (3:1 
mixture of 98% H2SO4 and 30% H2O2) for 20 min followed by ultrasonication three 
times in pure water, rinsing with copious amounts of water, and drying with a stream of 
nitrogen gas.  
PEI, PAH and PSS solutions were prepared by dissolving in 10 mM Tris/HCl 
buffer with 150 mM NaCl, with final concentration 5 mg·mL-1 at pH 7.4. The 
polyelectrolyte multilayer films preparation followed the previous report [70]. In brief, 
the glass coverslip was immersed into PEI solution for 20 min, then alternatively 
immersed into the PAH and PSS solutions for 20 min until five layers were obtained 
(with PAH as outmost layer), the substrate was thoroughly washed using water between 
each layer. 
 
7.4.3 Bio-mimetic surface preparation 
Calcium solutions were prepared from CaCl2 with a concentration of 20 mM. Phosphate 
solutions were obtained by mixing equimolar solutions of Na2HPO4·7H2O and 
NaH2PO4·H2O with 20 mM phosphate. Both calcium and phosphate solutions were 
prepared with 10 mM Tris/HCl buffer in the presence of 150 mM NaCl, at pH 6.85 - 6.9. 
The bio-mimetic solution containing calcium, phosphate (molar ratio Ca/P = 1.0), and 
collagen were prepared by mixing calcium, phosphate, Tris/HCl buffer and collagen 
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solutions, with final concentration of 8.3 mM calcium, 8.3 mM phosphate, and 30 
µg·mL-1 collagen, at pH 6.85 - 6.9. Once PEMs were formed, the glass coverslip were 
horizontally incubated in the above mentioned solutions at room temperature. The desired 
testing surfaces were formed in the bottom side of the glass coverslip. The freshly 
prepared mixture solution was used for each sample preparation. After desired incubated 
time, the sample was washed extensively with water and dried with nitrogen gas before 
the test. For control sample preparation, the PEMs were incubated in the similar solution 
without collagen under the same conditions. The samples prepared without and with 
collagen were abbreviated as PEM/CaP and PEMs/CaP-Col, respectively. 
 
7.4.4 Characterization 
The surface morphology was observed by atomic force microscopy using a NanoScope 
IIIA MultiMode AFM (Veeco) under the tapping mode. ATR-IR spectra were obtained 
on a Bruker Vertex 70 FTIR spectrometer equipped with a DTGS detector using a PIKE 
ATR accessory with a ZnSe crystal. XPS spectra were obtained on a ThermoElectron 
ESCALAB 250 spectrometer equipped with a monochromatic Al X-ray source (1486.6 
eV). The spectra were recorded at a 90° take off angle with 20-eV pass energy. Scanning 
electron microscopy (SEM) images were taken on a JEOL JSM 5600LV scanning 
electron microscope. Transmission electron microscopy (TEM) observations were carried 






7.4.5 BMSC isolation and expansion 
Primary BMSCs were isolated from the bone marrow of young adult 150 g male Wistar 
rats (Harlan Sprague Dawley, Inc.). The procedures were performed in accordance with 
the guidelines for animal experimentation by the Institutional Animal Care and Use 
Committee, School of Medicine, University of South Carolina. In brief, cells were 
flushed from tibia and femur using a syringe needle. The cell suspension was then 
cultured on tissue culture plastic (TCP) for 10 days to allow attachment, with consistent 
washing every three days. The attached cells were passaged and maintained in DMEM 
growth medium supplemented with 10% fetal bovine serum (FBS), penicillin (100 
µg/mL), streptomycin (100 µg/mL) and amphotericin B (250 ng/mL). Cells were 
passaged no more than four times after isolation before experimental testing. 
 
7.4.6 Cell culture and proliferation 
Each glass coverslip sample was seeded with 4.0 × 104 cells in growth medium and 
cultured for 21 days. Media was replenished every 3 - 4 days. Cell proliferation was 
measured by using CellTiter Blue® (Promega) at day 21 after seeding. Before cell culture 
termination, each sample was stained with 4 µg/mL of Calcein AM (BD Biosciencse) and 
4 µg/mL of propidium iodide in culture media for 30 min at 37 C. The cells were 
washed with Hyclone Dulbecco’s phosphate buffered saline (DPBS; Thermo Scientific) 
twice and fixed in 4% paraformaldehyde for 30 min at room temperature. Images of the 





7.4.7 Gene expression analysis 
BMSCs (4.0 × 104) were seeded on each glass coverslip in growth medium and cultured 
for 21 days. BMSCs with similar density were seeded on 3.8 cm2 TCP as a standard 
control and cultured for the same time period. Media was replenished every 3 - 4 days. 
The cell cultures were terminated at the mentioned time point and total RNA was 
subsequently extracted using E.Z.N.A. total RNA isolation kit (Omega). The quality and 
quantity of the extracted RNA were analyzed using Bio-Rad Experion (Bio-Rad 
Laboratories) and the RNA was reverse transcribed by using qScript™ cDNA Supermix 
(Quanta Biosciences). RT-qPCR (iQ5 real-time PCR detection system Bio-Rad 
Laboratories) was done by the method described as: 60 cycles of PCR (95 C  for 20 s, 58 
C  for 15 s, and 72 C  for 15 s), after initial denaturation step of 5 minutes at 95 C , by 
using 12.5 µL of iQ5 SYBR Green I supermix, 2 pmol/µL of each forward and reverse 
primers and 0.5 µL cDNA templates in a final reaction volume of 25 µL. Glyceraldehyde 
3-phosphate dehydrogenase (GAPDH) was used as the housekeeping gene. Data 
collection was enabled at 72 C in each cycle and CT (threshold cycle) values were 
calculated using the iQ5 optical system software version 2.1.  
The expression levels of differentiated genes and undifferentiated genes were 
calculated using Pfaffl’s method (M.W. Pfaffl, G.W. Horgan and L. Dempfle, Relative  
expression software tool) for group-wise comparison and statistical analysis of relative 
expression results in real-time PCR, using GAPDH as the reference gene. The primers 
used for RT-qPCR are shown in Table 7.2. The primers were synthesized commercially 
(Integrated DNA Technologies, Inc.), and evaluated for an annealing temperature of  
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Table 7.2 Primers used for RT-qPCR to measure gene expression levels. BGLAP: 
osteocalcin; DLX5: distal-less homeobox 5; GAPDH: glyceraldehyde 3-phosphate 
dehydrogenase; OSX: osterix; RUNX2: runt-related transcription factor 2. 
 
 
Gene Forward Primer (5’-3’) Reverse Primer (3’-5’) 
BGLAP AAAGCCCAGCGACTCT CTAAACGGTGGTGCCATAGAT 
DLX5 ATCATGAAAAACGGGGAGATGCCCC TGATTGAGCTGGCTGCACTTGGGT 
GAPDH ACTAAAGGGCATCCTGGGCTACACTGA TGGGTGGTCCAGGGTTTCTTACTCCTT 
OSX CAAGGCAGTTGGCAATAGTGGGCA ATGTGGCAGCTGTGAATGGGCTT 






7.4.8 Osteocalcin immunostaining 
BMSCs (4.0 × 104) were seeded on each glass coverslip in growth medium and cultured 
for 21 days. Media was replenished every 3-4 days. Cells were fixed in 4% 
paraformaldehyde at room temperature for 30 minutes. Each of the samples was then 
permeabilized with 0.1% Triton-X 100 for 15 minutes and blocked in 1.5% bovine serum 
albumin (BSA, Sigma-Aldrich) in PBS for 1 hour at room temperature. After blocking, 
the cells were incubated overnight with rabbit polyclonal antibody targeting osteocalcin 
(Santa Cruz) at 1:100 dilution in blocking buffer. Secondary goat anti-rabbit antibody 
conjugated with Alexa Fluor® 546 (Invitrogen) was used at 1:800 dilution for 2 hours at 
room temperature. FITC-phalloidin (1:500 in PBS) was used to stain filamentous actin. 
Nuclei were stained with DAPI (4, 6-diamidino-2-phenylindole, 100 ng/mL). Images of 
the stained substrates were taken on Olympus IX81 fluorescent microscopy. 
 
7.4.9 Calcium staining and quantification 
BMSCs (4.0 × 104) were seeded on each glass coverslip in growth medium and cultured 
for 21 days. Media was replenished every 3 - 4 days. CellTiter Blue® assay (Promega) 
was used to determine the number of cells in each sample one hour prior to cell fixation. 
The cells were washed with DPBS twice and fixed with 4% paraformaldehyde for 30 
minutes at room temperature. Fixed samples at day 21 were then stained with 2% 
Alizarin red solution (Sigma-Aldrich) pH 4.1 - 4.5 for 30 minutes. Since the reaction was 
highly light sensitive, the substrates were wrapped in aluminum foil during the Alizarin 
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red staining. After washing with ultrapure water, 200 µL of 0.1 M NaOH was added to 
each sample to extract the dye from the sample. The amount of dye was quantified by 
measuring absorbance at 548 nm wavelength. Absorbance values at 548 nm were 
normalized against cell number from CellTiter Blue® standard curve. At least 3 samples 
of each condition were used in the analysis. 
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